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Abstract—Radio Frequency Identification (RFID) brings a revolutionary change in a range of applications by automatically monitoring
and tracking products. With the proliferation of RFID-enabled applications, multiple readers are needed for ensuring the full coverage
of numerous RFID tags. In this paper, we focus on the tag distribution problem in multi-reader RFID systems. The problem is to fast
identify the tag set beneath each reader, which is a fundamental premise of efficient product inventory and management. Only with
such tag set information can we localize specific tags in a reader and expedite the tag query information collection. As an RFID system
usually contains a large number of tags and multiple readers, the traditional solution to identify tags by individual readers is highly time
inefficient. We propose an Inference-Based protocol (IB) that identifies the tag distribution based on information inference rules and the
aggregated physical signals to improve operational efficiency. In our protocol, three kinds of inference rules based on internal information
reported by a single reader, external information shared by multiple readers, and history information retained by the system are fully
exploited to infer tag distribution. With these rules all readers can cooperatively work together and quickly obtain the tag distribution in
the system. We also build a prototype RFID system using the USRP-based reader and WISP programmable tags, and then implement

the IB protocol. The experimental results and extended simulations show that IB outperforms the state-of-the-art protocols.

Index Terms—RFID system; tag distribution identification; time efficiency; multiple readers; topological relations

1 INTRODUCTION

ADIO Frequency Identification (RFID) brings a revo-
lutionary change in a range of applications, such as
inventory control [1], [2], [3], supply chain logistics [4], [5],
[6] and object tracking [7], [8]. With the proliferation of these
RFID-enabled applications, deploying multiple readers is
essential to ensure the full coverage of numerous RFID tags.
The problem presented in this paper is how to quickly
explore which tags are beneath which readers, with the
knowledge of all tag IDs a priori. We refer to such a problem
simply as the tag distribution problem, which plays a crucial
role in facilitating warehouse management and inventory
control in multi-reader RFID-enabled applications.
To understand its practical importance, let us consider
a common scenario. In an RFID-assisted warehouse, when
tagged products move through the gate equipped with RFID
readers (as shown in Fig.1), tag IDs can be automatically
scanned by the readers and stored on the server side.
However, even with this global information of tag IDs, we
are unware of the tag distributions after these tagged ob-
jects are stocked under different storage zones. This makes
each reader have to take the global tag population as the
input to execute various inventory operations, e.g., miss-
ing/unknown tag identification [9], [10], [11], information
collection [12], [13], tag searching [2], [14], [15], greatly low-
ering the inventory efficiency. Especially when the number
of tags in the region of interest is much smaller than that
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Fig. 1. Problem statement of exploring tag distribution.

of all tags in the warehouse, the performance gap will be
further widened as much more extra overhead is required
for separating tags of interest from others. In contrast, know-
ing the tag distribution can help quickly zoom in a local
surveillance region and complete the inventory operations
based on a much smaller tag subset, greatly improving the
inventory performance. For example, consider a warehouse
deployed 50 readers, each of which covers 2,000 tags on
average. The execution time of missing tag identification
with Protocol-3 [9] decreases sharply from 17.8s to only 1.8s,
producing a 89.8% performance gain. Therefore, exploring
the tag distribution is a fundamental premise of efficient in-
ventory and management under multi-reader RFID systems.

The tag distribution problem has not been thoroughly
investigated yet. An intuitive solution to tackle this problem
is tag identification [16], [17], which sequentially collects
IDs from tags by each reader. This approach is simple
but collecting tedious tag IDs is time-consuming. Anoth-
er solution is to transplant the missing tag identification
technique to the tag distribution problem. Specially, each
reader individually execute the missing tag identification



protocols by taking overall tags as the input and treat-
ing tags outside its coverage as missing tags. The frame
sizes in these protocols, however, are proportional to the
number of overall tags, hard to meet real-time application
requirements. The performance is even worse than that of
tag identification when each reader only covers a small
portion of tags. Besides above approaches, the Bloom filter
based information collection protocol (BIC) [12] can also be
tailored to the tag distribution problem. In BIC, the reader
identifies tags in its interrogation region by constructing
and transmitting the Bloom filters. However, the use of
Bloom filter suffers from false positives. To remove the false
positives, BIC needs to execute tag identification, resulting
in extra communication overhead. In conclusion, the low
efficiency of existing approaches is essentially due to the
individual work of each reader instead of the cooperative
work of multiple readers.

In this paper, we propose an efficient protocol called
Inference-Based protocol (IB) to identify the tag distribution.
Unlike previous work, the performance gain of IB benefits
from two new design principles: 1) Instead of using only
the application-level information, the inter-round physical
signals are exploited in IB to extract more tag distribution in-
formation. 2) Instead of working individually, all readers in
IB cooperate with each other to accelerate the identification
process. The above mechanisms greatly reduce transmission
overhead during the identification process and overcome
the drawbacks of existing solutions.

IB infers the tag distribution based on three kinds of in-
formation, which are internal information, external information
and history information. Internal information is the aggre-
gated physical signals identified by a single reader. Upon
obtaining such information, a reader can check whether a
tag replies or not and thus infer its presence or absence.
External information is the shared local tag distribution
among readers, such as the topology of the system. As a
result, the reader can cooperate with each other to accel-
erate the identification of its local tag distribution. History
information is the aggregated physical signals gathered in
previous rounds for each reader. On updating the local tag
distribution in a round, more distribution information can
be inferred by re-utilizing the aggregated signals retained
in the current round and previous rounds. Based on these
three kinds of information, we then formulate six inference
rules to identify the tag distribution. We comprehensively
analyze the protocol, including the investigation of protocol
efficiency, the impact on execution time with varied param-
eters and the setting of optimal frame size.

We implement a prototype system and validate IB design
based on the Universal Software Radio Peripheral (USRP)
platform and the Intel Wireless Identification and Sensing
Platform (WISP). Furthermore, we conduct extensive sim-
ulations to evaluate our protocol performance. The simu-
lation results show that IB outperforms the state-of-the-art
protocols [9], [12], [18], [19], [20].

The paper makes the major contributions as follows:

e We are the first to formulate the tag distribution
problem. With the tag distribution, each reader in
the system can take the local tag subset rather than
the global tag population as the input to execute
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various inventory protocols, greatly improving time
and energy efficiency.

e We propose a new idea of protocol design that i-
dentifies the tag distribution based on information
inference rules and the physical signals of RFID tags
to improve efficiency. With these rules all readers can
cooperatively work together and quickly obtain the
tag distribution.

e We build a real prototype system using USRP and
WISP platforms to validate our protocol. Besides,
we conduct extensive simulations to evaluate the
protocol performance. Our protocol produces great
performance improvement compared with the exist-
ing advanced work.

The rest of this paper is organized as follows. In Section
2, we overview related work. Section 3 introduces the sys-
tem model and gives the problem description. In Section 4,
we describe the Inference-Based protocol (IB) that identifies
the tag distribution based on six inference rules. In Section 5,
we comprehensively analyze the protocol efficiency. In Sec-
tion 6, we propose a cardinality estimation scheme, which
can have no extra overhead to estimate tag set cardinality.
We build a prototype system with USRP-based reader and
WISP tags, and then implement IB protocol in Section 7.
Section 8 evaluates the performance with the state-of-the-
art protocols and investigates the efficiency of IB. Finally,
Section 9 concludes this paper.

2 RELATED WORK

The tag distribution problem can be naturally solved with
tag identification approaches. Existing tag identification
protocols fall into two categories: Tree-based protocols [21],
[22] and Aloha-based protocols [16], [17]. In Tree-based
protocols, the reader applies a dynamic ID prefix of tag
IDs to progressively split a tag set into smaller subsets until
only one tag is left. This process is iteratively executed until
all tags are successfully identified. In Aloha-based identi-
fication protocols, the reader carries out a slotted frame
and each tag individually picks a slot to reply. A tag can
successfully transmit its ID only when its slot has no other
tags. The left tags which fail to report their IDs will move to
the next slotted frame. Although the identification protocols
can be used to address the tag distribution problem, it needs
to transmit tag IDs and does not make use of the prior
knowledge of all tag IDs, which is time-consuming.
Techniques for identifying missing tags can be trans-
planted to solve the tag distribution problem. The target of
the missing tag identification is to monitor a set of RFID tags
and identify the complete missing ones. By treating the tags
out of the reader as missing tags, the missing tag identifica-
tion schemes can be adopted to identify the tag distribution.
Protocol-3 proposed in [9] is a deterministic missing tag
identification scheme which significantly reduces the miss-
ing tag identification time by more efficiently scheduling
multiple readers. In [19], a Slot Filter-based Missing Tag
Identification (SFMTI) protocol is proposed to reconcile
some expected collision slots into singleton slots and filter
out the expected empty slots as well as the unreconcilable
collision slots, thereby improving time-efficiency in missing
tag identification. However, the performance is even worse



than that of tag identification approaches when each reader
only covers a small portion of all tags.

Besides above approaches, the Bloom filter based in-
formation collection protocol (BIC) [12] can also tackle the
tag distribution problem, which was initially designed for
collecting sensor-augmented tag information. In BIC, the
reader identifies the tags in its interrogation region by using
the Bloom filters. A Bloom filter representing the interro-
gated tag set is distributively constructed and transmitted
to the reader. However, the use of Bloom filter suffers from
false positives. To remove the false positives, BIC needs to
collect tedious tag IDs, resulting in extra communication
overhead. Due to the individual work of each reader instead
of the cooperative work of multiple readers, the existing
approaches are essentially of low efficiency.

3 PRELIMINARY
3.1 System Model

We consider a large-scale RFID system with multiple read-
ers, a massive number of tags and a backend server. The
tags attached to items are under the different surveillance
regions covered by different readers. After communicating
with the tags, the reader transmits tag information to a back-
end server, which provides powerful computation ability to
process such data. Similar to previous work [9], [12], [20],
[23], [24], we assume that the server has the knowledge of
all tag IDs in the system a priori.

Considering the tagged objects move around the system,
the tag distribution is likely to dynamically change. Since
our protocol can identify the tag distribution in real time,
we can simply treat the dynamic environment as a static one
within a short period of time. Even if few tags are incorrectly
classified due to frequent tag motion, their distribution will
be updated in the next execution of our protocol.

In the RFID system, the communication between the
reader and tags initiates with a high power continuous
wave (CW) which energizes RFID tags. The tags transmit
their signals by reflecting back the CW using on-off keying
modulation: a binary 1" or ‘0" represents the presence or
absence of CW [25]. Due to the low data rate, the bit-level
clock synchronization of tags can be achieved in practice
[20], [26].

Complying with the EPCglobal Gen-2 standard, the
communication between the readers and tags follows the
Reader-Talk-First model. Namely, the tag talks only if re-
ceiving the reader’s commands. A reader initializes each
round of our protocol by sending a request. On receiving
the order, tags then backscatter signals. Besides, the reader
collision will occur when two or more readers attempt
to communicate with a tag concurrently, since the mixed
signals cannot be correctly decoded at the tag side. Many
existing reader anti-collision schemes [27], [28] have been
proposed to achieve dynamical reader schedule. We can
resort to these works to avoid the communication collision
among multiple readers.

3.2 Problem Formulation

Consider a set of readers M = {ry, ..., 7., } and a set of tags
N = {t1,...,t, } that are deployed in the system, where m is
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the number of readers and n is the number of tags. Symbol
N represents the set of tags under the surveillance region
covered by the reader r;(i € [1,m]). Due to the overlapping
area, a tag may be covered by more than one reader. Then
we have N = U1, Vi and [NV; NN > 0.

As Fig. 1 depicts, the target of the tag distribution prob-
lem is to identify which tags are beneath which readers, i.e.,
identifying the set N for the reader r; (i € [1,m]). Since
all the tag IDs in N are known in advance, how to take
full use of this information is the key to improve protocol
performance.

Besides, the topology of readers is another information
that can be used to assist the identification of tag distribu-
tion. It is formally a graph G = (M, &), where M is the
set of readers and £ is the set of edges each connecting
two readers which have overlapping monitor area. We refer
to these two overlapped readers as adjacent (neighboring)
readers. Clearly, if the readers r; and r; are adjacent (neigh-
boring), (r;,7;) € € holds. Otherwise, if two readers r; and
r; are not adjacent (non-neighboring), (r;,7;) ¢ £ holds. We
denote the set of 7;’s neighboring readers as I'(r;) and the
set of ;s non-neighboring readers as Y (r;). The number of
r;'s adjacent readers is referred to as d(r;), which is actually
the degree of the node r; in G. Clearly, the reader topology
relies on only the practical deployment, regardless of the tag
distribution. It can be easily observed when an RFID system
is set up. In our protocol design, both the tag IDs and the
reader topology will be fully taken into account to explore
the tag distribution.

4 |IB: INFERENCE-BASED PROTOCOL

To explore the tag distribution in an efficient way, we
propose an Inference-Based protocol (IB), which mainly
identifies the tag distribution by inference rules and the
physical signals. After presenting the protocol design, we
then analyze the parameter setting to achieve the optimal
performance.

4.1 Overview

Inference-Based protocol (IB) follows two guidelines to
achieve high time efficiency. First, IB can exploit the inter-
round physical signals to extract more tag distribution in-
formation. Second, all readers in IB cooperate with each
other to accelerate the identification process. The above
mechanisms greatly reduce transmission overhead during
the identification process and overcome the drawbacks of
existing solutions. Consider an arbitrary tag ¢;. If a reader is
sure about whether ¢; is under its coverage or not, we say
that ¢; is identified by the reader, or unidentified otherwise.
The number of unidentified tags for each reader decreases
after each round. The server traces the number of identified
tags. When all the tags of each reader have been identified,
then the protocol ends.

4.2

IB identifies the tag distribution based on three kinds of in-
formation, which are internal information, external informa-
tion and history information. Internal information is the ag-
gregated physical signals identified by a single reader. When

Inference Rules
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Fig. 2. An example to illustrate the tag distribution under a multi-reader
scenario. (a) A tag distribution instance with 3 readers and 9 tags. (b)
The mapping relationship between the tag ID and the index of a 9-bit
vector.

obtaining such information, a reader can check whether a
tag replies or not and thus infer its presence or absence.
External information is the shared local tag distribution
among readers, such as the topology of the system. As a
result, the reader can cooperate with each other to accel-
erate the identification of its local tag distribution. History
information is the aggregated physical signals gathered in
previous rounds for each reader. On updating the local tag
distribution in a round, more distribution information can
be inferred by re-utilizing the aggregated signals retained in
the current round and previous rounds. Based on the three
kinds of information, we then formulate six inference rules
to identify the tag distribution.

Consider an arbitrary reader r;, N; and L; represent
the set of tags inside and outside 7;’s coverage. Thus the
following equations hold:

Ni=NioUN;1,
Li=LioULn,

where the second binary subscript indicates whether tag is
identified: "1” is identified and '0” is not identified. Note the
set V; o and £; o cannot be surely identified in the obtaining
process, thus the server cannot exactly know what tags in
the set AV; at the beginning.

Initially, because no tag distribution is identified, both
N1 and L; ; are the empty set, that is:

NioULig=N,
NipULiy = 2.

After the execution of IB, the server successfully iden-
tifies all the tags in unidentified set, and put them into
identified set. Then the equations hold:

NioULio=2,
/\Q,ltJ [%,1 ::J\[.

Thus the set of tags beneath appointed readers can be surely
identified, i.e, N; = N; o UN; 1 =N 1.

4.2.1 Example Case

For ease of presentation, we detail the six inference rules
based on a toy example. Consider the system provided in
Fig. 2(a), where m = 3 and n = 9. Both the reader r; and
r3 are adjacent to the reader 7. The set of total tags in the
system is N = {t1, 2,3, ..., s, Lo }.

Initially, the reader broadcasts a request with a random
number. Each tag chooses an index by hashing its ID with

TABLE 1
Procedure of Vector Construction

Reader 1 Reader 2 Reader 3
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1: 100000000
t3: 000000001
4: 001000000
6: 000000010
Reader Vector  r1: 101000011
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1: 000000100
2: 000000010
7: 100000000
8: 000000010
2: 100000110  r3: 100001010

: 000000010
7: 000001000
9: 100000000
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TABLE 2
Identification Results of IB in the First Round

Ta,
Reader &
t1 to t3 ta ts te tr ts tg
T1 02 X1 02 o3 X1 02 X1 X1 -
T2 09 03 X1 X1 X1 X1 09 03 X1
T3 X1 X1 X4 X1 o3 X4 o5 X1 o5

the received random number. Only in the slot that the tag
picks, it replies. Otherwise, it keeps silent. Based on the
tag ID database, the server knows exactly which bit a tag
chooses under each random number. However, from each
reader’s view, only a subset of tags reply to the reader. As
shown in Fig. 2(b), only the tags with solid line reply in the
actual system. Each tag’s response forms a logical bit vector,
where response represents bit "1” and silence represents bit
‘0", as shown in Table 1. On receiving vectors, each reader
uses a logical 'OR’” operation and constructs a reader vector.

Note the target of IB is to gain the tag distribution
in the system. We can easily map the relationship of the
tag distribution to a two-dimensional matrix with 3 x 9
as illustrated in the Table 2. The symbol ‘o’ represents the
relation that a tag is covered by a reader. On the contrary, "x’
represents the relation that a tag is not covered by a reader
and ’-’ represents the relation that needs to be inferred. The
subscript represents the rule number used to infer the tag
distribution. The tag distribution is identified until matrix is
crammed.

4.2.2 Rules Based on Internal Information

We first introduce the inference rules based on internal
information. To infer the tag distribution under reader r;’s
coverage, the server generates a virtual reader vector of r;
by assuming all tags in A are under r;’s coverage. After
collecting the actual reader vector, the server can infer the
tag distribution by observing the the differences between
the virtual vector and the actual vector.

Rule 1: A tag t;, can be classified into £; 1, when ¢, €
L; o holds and no tag is from both \V; g and N ;.

If no tag is from the set \; o and N; 1, r; will receive the
bit ‘0’ from tags. In the meantime, if there is also at least one
tag from the set £; o, the server assures the tags supposed
to reply are out of the r; region. Then the server could
successfully add these tags into £; 1. We take the reader r;
for an instance in the example case. In the second bit, only
tg is supposed to reply "1’. But the second bit of the reader
vector 100000011 equals '0’. Then the server could identify
ts € L11. The same case exists for the fifth bit. Because there



are two tags t, and t7 supposed to reply in the fifth bit, with
that the fifth bit of the reader vector equals '0’, the server
can also infer t3,%7 € Ly 1.

Rule 2: A tag t;, can be classified into ./\/;71, when ¢, €
N o holds and no tag is from the set £; o and N; ;.

If one tag is from the set ./\fz-’o, r; will receive the bit "1’
from tags. If the server knows exactly only one tag replies
‘1" at the bit, it will easily know this tag is covered by the
reader r;. Obviously, no matter how many tags from the set
L; 1 select the bit, the reader r; receives no reply from them.
Therefore, if there is one tag from the set \; o and no tag
from the set £; o and /\/;71, the server could add the tag into
J\/;l. Here, we also take the reader r; for an instance in the
example case. Based on the tag ID database, only the tag t;
is assumed to reply 1" at the first bit. Upon checking the
reader vector, the first bit is also '1’. The server knows tag t;
replies, i.e. t1 € N7 ;. In the same way, t3,ts € N7 1 can be
known. But for the third bit, both tag ¢4 and t9 are supposed
to transmit "1”. With receiving "1” in the corresponding bit,
the server could not tell which tag(s) actually reply.

4.2.3 Rules Based on External Information

To further accelerate the identification process, IB makes the
readers cooperate with each other by sharing their vectors
to narrow down the each searching set as the following rule.

Rule 3: A tag ), can be added to N; 1, when the tag has
been identified absent from other m — 1 readers.

Consider an arbitrary tag ¢;, the relation t; € Ly, ; exists.
The server easily infers t; € N 1. For example, the eighth
bit of the r, aggregated vector is “1’, possible replying from
both t5 and ¢g hinders the distribution obtaining. The server
is unable to add ¢ or tg to N- 2,1. But consider both the reader
r1 and 73 receive no reply from ;. Thus the server could
assure t; in the region of r.

Rule 4: A tag tj, can be classified into £;;, when ¢, €
N1 and r; € T(r;) both hold.

The membership t;, € /\/i,l holds means that the tag t;, is
under the reader r;’s coverage, which includes two cases. In
the first case, the tag ¢; is in the overlapping area between
the reader r; and any other neighboring readers of r;, ie.,
tk € U, er(r,) Wi NAN;) holds. In the second case, the tag
ty, is reachable to only the reader r; rather than others, i.e.,
ty € ﬂrjep(m(./\/i — N;) holds.

The server cannot figure out which case of these two
is correct, but it can make sure ¢ is under r;’s coverage
zone with the membership ¢, € /\le In other words, if a
reader r; is far away from 7, i.e., r; is not the neighbor of
r; (r; € Y(r;)), we can infer that ¢, must not be covered
by r; with certainty. Namely, ¢;, belongs to £; 1. As t;, has
been identified, the server can update | Y (r;)| relations for
it. In the example case, because both ¢3 and ¢s are under r;’s
coverage zone, the server can infer t3 € L3 7 and tg € L3 1.

4.2.4 Rules Based on History Information

As previously described, the server can update the tag
distribution with Rule 1-4. But the reader vectors gathered
in current round and previous rounds can also be utilized
to infer more relations, which highly reduces the total ex-
ecution rounds. Thus, two rules can be used to mine more
information.
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Rule 5: After updating the new tag distribution, the
server can infer more relations with Rule 1-4 by checking
current vectors again.

By executing Rule 1-4 once, some bits in the vector can be
used to infer the tag distribution, while others cannot, such
as the first bit and sixth bit of the reader r3. To avoid this
waste, we take a closer look at the tag distribution and find
that a new tag distribution generates after the one-round
execution of Rule 1-4. Hence, if the server takes the new
distribution as the input and repeats the Rule 1-4 again, the
useless bits in the previous execution are likely to be useful
under the newly updated distribution.

We take the vector of r3 for example. During the first
execution of Rule 1-4, both tag ¢3 and ¢; are supposed
to transmit ‘1’ in the sixth bit. Therefore, there are two
possible results. One is t3 € L3 1,t7 € N3 1 and the other is
t7 € L31,t3 € N3 1. According to the sixth bit, the server
cannot determine whether t3 and t; are under the reader
r3’s coverage. However, after the first execution of Rule 1-
4, the relation t3 € L3 is available for the server. Then
the reader can take these newly updated tag distribution as
the input and run Rule 1-4 again, which will generate the
relation t7 € N3 ;.

Rule 6: After updating the new tag distribution, the
server can infer more relations with Rule 1-4 by checking
the vectors in previous rounds again.

Because the example case only executes IB in one round,
the server has no previous vectors. But after several rounds,
the server could also infer new relations to update the tag
distribution as Rule 5.

We denote the total overhead of r; in the current round
as F;, which is equal to F;1_4 + F5) + Fj g, where
F;1—4), Fi 5 and Fj 5] represent the overhead of Rule 1-
4, Rule 5 and Rule 6, respectively. Assume the optimal
vector size for the reader r; in the k-th round is f; . We
have Fy 14 = fir, Fis) = fix and fig) = 2521 fij
Therefore, the overhead of distribution update in the current
round is F; = Fj 14 + Fi 5 + Fije) = 2fir + Z?:l Jij-
Considering m readers, the total comgutation overhead is
F=300F=230 e+ Xk

j=1J%7"

4.3 Protocol Description

The Inference-Based protocol (IB) contains multiple rounds.
Each round contains two communication steps: the reader-
to-tag broadcasting step and the tag-to-reader replying step.
To initialize the reader-to-tag broadcasting step, the server
generates optimal parameters to achieve high identification
efficiency. The parameters consist of the random number
and the frame size. Here, for an arbitrary reader 7, we
denote the random number and the frame size as d; and
fi which are different from other readers in each round.
We will detail how to set the optimal frame size f; in the
following section. The server generates the server array A;
based on the parameter and the database. The symbol A, [k]
means the set of tags supposed to reply ‘1" at the k-th bit.
Then the readers in the system broadcast each pre-calculated
parameter pair (d;, f;) to tags.

In the tag-to-reader replying step, benefiting the effi-
ciency of identification process, each tag sends a vector si-
multaneously. As previously mentioned, IB also utilizes the



synchronized physical layer transmissions to distributively
construct each tag replying vector and efficiently gathers
the distribution with information aggregated from tags.
Consider the tag under r;’s coverage zone, after receiving
the parameter pair (d;, f;), it calculates the f;-bit tag vector.
The tag sets all the bits to ‘0" except that the bit of index
H(ID,d;) mod f;is "1’. All the tags then send the vectors
concurrently to the reader.

At the reader, the gathering of physical signals is equiv-
alent to binary ‘OR’ operation. The reader r; then generates
the reader vector V;. The symbol V,[k] ranges between
binary bit value ‘0" and "1". Formally, for an arbitrary reader
i, we denote the j' replying bit as b; ;. When the channel is
an idle carrier, the reader sets b; ; = 0. When the channel is a
busy carrier, the reader sets b; ; = 1. After the transmissions
of all the vector bits, reader ¢ combines calculated bits
to construct new vector V; = b; 1b;2...b; r. For example,
if three tags transmit vectors '000010000’, ‘001000000" and
’010000000" to a reader respectively. Then the reader con-
structs the vector V; =’ 011010000'.

Therefore, if the system has m readers, the server can
collect m vectors V;. Obviously, the server exactly knows
which bit the tag in the system is supposed to select. Upon
gathering the array A; with the vector V;, the server is able
to infer the tag distribution with the Algorithm 1.

Algorithm 1: Tag Distribution Inference

Input:Vi, A, ./\/;‘71, ‘Ci,l for r; (i € [1, m])
Output:Updated N; 1, L; 1 for r; (i € [1,m]).
fori=1— mdo
for j =1 — LENGTH(V;) do
if V;[j] = 0/ then
| Lin=A[j]ULA
else if V;[j] =' 1" and |A;[j] \ £i1| = 1 then
Nix = Ai[j]\ Lia UNia
for ry, € Y(r;) do
| Lrg=Ai[j]\Ligt ULk

for j — 1 — n do
ifr;, t; € L1 (k€ [l,m],k # i) then
| Nix=Ni1n{t;}

After the inference of the tag distribution with current
vector, the server can update more tag distribution informa-
tion based on the Algorithm 2.

Algorithm 2: Accelerating Tag Distribution Inference

Input:Previous and current vectors for r; (i € [1,m]).
Output:Updated tag distribution.
fori=1— mdo

Check the current V™" with Alg 1.

for j = 1 = CurrentRoundIndex do

| Check the j** previous V7 with Alg 1.

If the set £; 1 UN; 1 = N, the server stops identification
of the reader r;. Until all the readers stop, the server can
achieve obtaining the entire tag distribution.

5 PRoTOCOL ANALYSIS

We first analyze the protocol efficiency, and then give the
number tendency of identified relations as the frame size
changes. Finally, we represent the setting of frame size that
optimizes the efficiency of IB.

5.1 Performance Efficiency

As the previous discussion, the set M,o and L; o cannot be
surely identified. But on optimizing the frame size f;, the
server will estimate n; o and /; ¢ in each round (that will be
discussed in Section 6). Here we denote n; o, n; 1, l; 0 and
l;,1 as the cardinality of NV; o, N; 1, £ o and L; 1 respectively.
The IB protocol is designed for accomplishing the col-
lection with the shortest time. Here, we consider the reader
r; in an arbitrary round without loss of generality. Let )\;
be the expected number of newly identified relations and 7;
be the execution time. Thus the number of newly identified
relations per unit time (denoted as ©;) can be represented
as:
0 = 2. M
Ti
When the server heads to a new round, without con-
sidering the rules based on history information, two kinds
of information can be adopted to identify the distribution.
Here we refer to the relation revealed from the internal
information as internal relation (the expected number is
denoted as ;). On the contrary, the relation revealed from
the external information is called external relation (the ex-
pected number is denoted as p;). The total number of newly
revealed relations can be represented as:

Ai = @i+ pi V)

We then first analyze the expected number ¢; of internal
relations revealed in a round. The internal relations identi-
fied in a round generally compromises two portions. One
portion is the relation that a tag t; is not in r;’s scope, i.e.,
ti, € L;1 (the expected number is denoted as «;). On the
contrary, the other portion is the relation that ¢, € N
(the expected number is denoted as f3;). We then take the
following lemmas to analyze ;.

Lemma 1. For a reader r; in an arbitrary round, the expected
number «; of revealed relations that indicates a tag is out of r;’s

coverage is
1 n4,0+FNq,1
Q; = li70 (1 — 7) . (3)
fi

Proof. As aforementioned, by checking each bit in the vector,
we are able to reveal some useful relations. Now, we first
derive the expected number of useful relations revealed by
analyzing one bit, which is denoted as E[A]. The server can
infer the relation only if there is no tag from the set \V; and
at least one tag from the set £; ¢. The probability that a tag
selects current bit is L, where fi is vector size. We have the
probability P, that no tag is from the set \V;, which is P, =
(1- i,)’”v""‘"ivl. Since there are I; o tags in the set L; o is,
the probability P, ; that j tags are from the set £; o is P, ; =

(lf‘J:") (}%)J (1— %)li-ﬁ*j. Thus, by taking the two probabilities



into account, we have the expected number E[A] of useful
relations revealed by analyzing one bit as follows:

li,o li,o
=Y jP.P =P jP,
j=0 j=0

A

j:
lio li,o (1 l) ™0t
“fi fi fi '

Since the vector consists of f; bits, the expected number of
revealed relations that indicates a tag is out of r;’s coverage
is a; =)0t O

Lemma 2. For a reader r; in an arbitrary round, the expected
number [3; of revealed relations that indicates a tag is under r;’s

coverage is

1 ni0+n,1+l;0—1

Bi = nio (1 - JT) . ®)
7

Proof. We denote the probability that a bit can be used to
identify the relation that a tag is covered by the reader r;
as Pp. The server can reveal the relation only if one tag is
from the set \V; o and no tag is from the set £; o and N, ;.
We denote the probability that one tag is from the set V; o
as P, and the probability that no tag is from the set £; o and
./\/271 as P;. Thus we can have the following equation:

nio—1 nio—1
(V)63 - 0
( A 7T

(6)
Then the probability that no tag is from the set £; o and N, ;
can be represented as:

1 ni 1+1li0
Py = (1 — ?> . @)

Thus, multiplying Eqn (6) and Eqn (7) yields the probability

PBZ
n;0+tni,1+li,0—1
7 7) o

The expected number [3; of the relations that indicates

a tag is under r;’s coverage is 5; = fiPp = n;o(l —
L)m,o-ﬁ‘m,l-‘rli‘o—l O
7 .

i

Pp =P.P;=

Corollary 1. For a reader r; in an arbitrary round, the expected
number ; of the newly identified internal relations is

1 ni,0+MNi,1 li,o—1
(1) 57 e

Proof. Obviously, combining Eqn (3) and Eqn (5) yields the
result. O

lio+nio (1 -

Then we analyze the expected number p; of the external
relations. From above discussion, we know the revealed
relations of Rule 3 depend on the results of the other rules
(Rule 1, Rule 2 and Rule 4), thus maximizing the efficiency
of the other rules also facilitates the efficiency of Rule 3.
Here we only consider the revealed external relations from
Rule 4 to make a approximation.
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Lemma 3. For the reader r; in an arbitrary round, the expected
number p; of newly revealed external relations is:

1 ni0+ni 1+l 0—1
) —en (10)

= mial 1] (1 7
fi
where €, is the number of relations which have been revealed in
previous round and it is in the interval of [0,n;0|Y(r;)|(1 —
%)ni,O"Fni,l"Fli,O_l]’
Proof. If the reader r; knows ¢, € N, each r;’s non-
neighboring reader r; (r; € Y(r;)) can easily infer ¢, ¢ Nj.
Therefore, once one relation about r; is revealed, the server
can infer up to | Y(r;)| relations. From Lemma 2, we know
that the expected number 3; of revealed relations that indi-
cate a tag is under r;’s coverage is n; o(1— i)”l otni1tlio—1
Therefore, the expected number of relations that could be
inferred is n; 0| Y (ry)|(1— Lyniotniitlio=1 These relations
fall into two types: the newly revealed and the previous
revealed. Let the former be ¢;, which ranges from 0 to
nio|Y(r)|(1 — f—)”? ofniaitlio=l Finally, subtracting the
expected number of previous revealed relations yields the
value of p;. O

Corollary 2. For the reader r; in an arbitrary round, the expected
total number \; of newly revealed relations for the reader r; is
approximately

1 ni,0+Ni,1
~(-5)
i

Proof. From Eqn 2, the expected number of newly re-
vealed relations can be represented as \; = ¢; + p;.
From Corollary 1 and Lemma 3, we can have ¢; = (1 —
f )nl 0+ [lz 0+n40(l— f)lb o~ 1] and p; = ;0| Y (r;)|(1 -

Lymiotniatlio=l _ ¢, Thus, the expected total number \;
of newly revealed relations can be deduced as:

1) liot
li,0+ni7o(1+‘T(ri)D (1_?> '
(11)

Ai = @i + pi
= 0" (I 04+m;,0 W) g o] X ()| W0 T g,

~ P [li,O + n50 (1 + ‘T(T‘,)D \I/li’oil} ,

where U = 1—-1/f; and n; = n; g+n;, 1. Because ¢; is related
to not only the set ; ; but also the set £, o (r; € T(r;)), and
each reader runs separately, we then omit the residual ¢; to
make an approximate for \;. O

Lemma 4. When the parameter of frame size is set to f; for the
reader r;, the expected execution time in a round is

Ti = fitlr

Proof. The frame size of a vector is set to f;. All the tags in
the region of a reader transmit their vectors concurrently. We
denote the transmission time of a bit as ;. The total time of
sending the vector equals ft;. Thus, the expected execution
time is 7; = fitp. O

(12)

From Corollary 2 above, we get the equation of ;.
When the frame size is set as f;, the total execution time
is represented in Eqn (12). Thus we can utilize the equations
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to yield the number of newly identified relations per unit
time ©;:
Ai | Lo
@’i = —= \]:In1 —
Ti fito

where n; = n; o + n;1.

nio (1+|Y(r;)])

\I,liyofl
fito ’

(13)

5.2 Relationship between )\; and f;

We now investigate the relationship between the expected
number \; of identified relations and the frame size f;.

Corollary 3. Consider an arbitrary round of the reader r;, with
the growth of the frame size f;, the expected number \; of newly
identified relations increases.

Proof. From Corollary 2, we have the representation of \;
with the expression of f;. To this end, solving the derivatives
fi generates as follows:

% - ni70(1—|— |T(T7)D(lzﬁo—|—’ﬂz —1)\1’717;#1"0724-[7;,0711'\1/“1‘71
ofi 12 ’

where ¥ =1—1/f and n; = n; o + n4,1.

The frame size f; is greater than 0, so ¥ € [0,1). We
then have both U™it.0=2 > (0 and U™ ~! > (. Because the
number of tags under r;’s coverage zone is at least equal
to 1, ie. n; = ny0 + ny1 > 1. The factor ;9 +n; — 1 is
also greater than 0. Consider the number of non-neighbor
readers | Y (r;)|, it can range from [0, n — 1]. Then we have
1+ |Y(r;)| > 0. The value of both n; o and l; ¢ are more
than 0 except for the finishing of IB in which case the reader
r; identified all the tags (i.e. n; 0 + l;,0 = 0). Therefore, the
derivatives g)"_" > 0 exists. The expected total number );
of newly revealed relations is the increasing function of the
frame size f;. O

From above corollary, we know as the increase of the
frame size f;, A; always increases. Fig. 3(a) shows the
tendency of \; with growing frame size f;, where we fix
nio = 2,000, ni1 = 2,000, l,’70 = 4,000 and l7;71 = 2,000
and vary |Y(r;)| from 0 to 50. It can be clearly seen that all
the curves raises as the increasing of f;. For example, when
fi = 3,000 and |Y(r;)| = 10, we have \; = 4,892. If f;
raises to 6,000, \; also increases to 9,887. As can be seen
from the figure, the number of identified relations A; also
shares the trend of steady rise, when varying |Y(r;)| and
fixing f;. When f; = 6,000, A; is 13,665, 17,443 and 21, 220
with respect to | Y (r;)| = 20, | Y(r;)| = 30 and |Y(r;)| = 40.
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To improve the efficiency running in parallel mode (the
readers perform the execution simultaneously), the server
could set the maximum among pre-calculated frame sizes
for each reader in the system. Thus the server can increase
the expected total number of newly revealed relations in
each round without extra time.

5.3 Setting Optimal f;

Now we derive how to set the frame size f; to maximize the
efficiency of IB. To achieve the maximal efficiency, the num-
ber of newly identified relations per unit time ©; should be
maximized. The Eqn (13) is hard to achieve the general al-
gebraic solution to set the optimal frame size. However, it is
a function with respect to f; when the other parameters are
foreknown. We can get the numerical solution to optimize
frame size easily. The following lemma shows the interval
of f; to peruse the maximal efficiency ©;.

Lemma 5. The function ©; has a unique maximum with respect
to the frame size f; ranges from [n; o+mn;1+1,n;0+n:1+1i 0]

Proof. We first compute the derivatives of ©; with respect to
the frame size f; as following;:

00,
=4+,
ofi
il _ f
i = lz,O (ZL + 1 fz)
fi’ty
~ng (L4 X (ry)[)lotmi=2(1; o +n; — f7)
£t .

We then consider the case with the interval of f; in which
©; increases. Only when both il and U are greater than 0,
the function ©; increases.

Due to the frame size is at least equal to 1 (i.e. f; > 0), so
fi*ty > 0. Here we suppose l; o > 0 which will be discussed
later. Then considering ¥ > 0 and n; + 1 — f; > 0 yields
1< f<mn;+1.0nlyif f; € (1,n;,+1), the part { > 0 exists.

Due to the frame size f; at least equals 1 (i.e. f; > 0), so
fi%t > 0. With | T(r;)| > 0, we also have 1+ | (r;)| > 0.Itis
no meaningful to calculate the frame size f; for bothn; o =0
and [; o = 0. We only consider the case with n; o > 0. Thus
when 2 > 0, itis equivalent to WlioFi=2(]; o 4n; — £;) > 0,
that is

1
V=1-——>0

i = fi € (1,1, 0+ ni).
liyo+ni*fi>0

At this end, combining the interval results of il and U
yields the increasing interval of f; is (1,1; o+ 1). In the same
way of calculation with the increasing interval of f;, the
decreasing interval of f; is f; € (I;,0 + n;, 00).

Thus, it is easily to know ©) has a unique maximum
with respect to the frame size f; ranges from [n; o + 1,1 +
Linio+mni1+ li’o]. O

We then evaluate the effectiveness of optimal frame
size f; for the reader r; in a round. Fig. 3(b) shows the
identification efficiency of A; with growing frame size f;,
where we fix n;0 = 2,000, n;1 = 0, [;0 = 8,000 and
l;,1 = 0 and vary | Y(r;)| from O to 50. The gray bar attached
to the x-axis shows the interval of f; in which ©; has



TABLE 3
Optimal Frame Size in the First Round

li0

14,0

1,000 2,000 3,000 4,000 5,000 6,000 7,000
1,000 1,320 1,166 1,068 1,020 1,007 1,003 1,001
3,000 3,69 3950 3958 3,837 3,665 3495 3,354
5000 5808 6,291 6,539 6,624 6595 6491 6,341
7000 7,860 8468 8,874 9,121 9,246 9,276 9,234

maximum. In the example, the interval ranges from 2, 001 to
10, 000. For the case with |Y(r;)| = 0, when f; = 2,040, ©;
attains the maximum 78. Also with revealing extra external
relation, the greater |Y(r;)|, the higher efficiency of ©;.
Compared with |Y(r;)| = 0, if |Y(r;)| = 50, ©; achieves
235 revealed relations per microsecond. As illustrated in
Table 3, when varying both n; ¢ and [; o values and fixing
[T (r;)] = 0, the optimal frame size is also bounded with
the interval [n; 0 + 1,1 + 1,n40 + 141 + l;0). For example,
when n; o = 3,000 and [; o = 4, 000, the optimal frame size
is 3,837 which is at the interval [3,001, 6,000].

The optimal vector size that minimizes the global ex-
ecution time is determined by two factors: the number
of revealed relations inferred by Rule 1-6 and the reader
scheduling mode. In IB, we consider the former factor rather
than the later. That is because to get the optimal reader
scheduling is equivalent to finding a minimum coloring for
the conflict graph, which has been proven to be an NP-
Complete problem [29], [30]. Hence, by considering only the
number of revealed relations, the optimal frame size and
the minimize execution time for each reader are the local
optimum instead of the global optimum. Even so, IB is still
able to achieve the distribution inference in an efficient way.
The detailed performance analysis can be seen in Section 8.

6 CARDINALITY ESTIMATION

As mentioned in previous section, to set the optimal frame
size, the server needs to estimate the cardinality for the
set of tags (i.e., N;o and L; (). Many estimation schemes
have been proposed [31], [32] to achieve fast and reliable
estimation. But utilizing those separate estimation protocols
will increase the execution time. We propose an estimation
scheme without extra time consuming by using the infor-
mation identified in each round.

Consider the previous round of the reader r;, there are
n; o tags actually in the set \V; . Also N1, li,0 and [; ; are the
actual cardinality of the set NV; 1, £; o and L;; respectively.
To set the optimal frame size in each round, the server
should know the number of them. Although the server can
precisely count the number of n; ; and /; 1, the number of
n;,0 and l; o can hardly be known. So it must take the scheme
as following to estimate the numbers which are denoted as
n;,o and l;o

In IB, the server will generate the reader vector V; and
the server array A; for the reader r;. Thus, utilizing the
difference between V; and A; reveals tag relations. For
example, in Fig. 2(b), the reader r, attains V2="100000110".
The server can ascertain two tags are in the scope of the
reader ro with Rule 2. In this way, by counting how many
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tags are in the region of ry with Rule 2, we can estimate the
cardinality.

From the Eqn (5), the expected number 3; of the relations
a tag is revealed by Rule 2 within the scope of the reader r;
is B; = nio(l — %)”%ﬁ”ivl“i’o’l. After the execution of
previous round, the server easily ascertains the number A;
of relations which are revealed by Rule 2 as follows:

1 > nio+ni,1+l0—1

fi
In the system, the total number of tags is n. So the relation-
ship n = n; o +n;,1 + 1,0 +1;1 exists. The server utilizes the
following estimator:

lio=n—njo—ni1—li1 (15)

Therefore, combining the two equations above yields A; =
nio(1l —1/f;)"~t1~1 From the equation, we can derive:

1 lii+1—n
o=t (1-7)
3

Using the Eqn (16), the server estimates the number of tags
n;jo which are determined without the scope of the reader
i in the previous round. We then denote n;,, n; 1, l; ; and
I} 1 as the current round number of each set. The increasing
number of identified tags in set i1 is An;1 = nj; —ni1.
Then the server infers the estimate number of the set \V; ¢ as
follows:

(16)

; R
nto=mnjo— An,
,0 2,0 i,1
l” 7 ! ! (17)
! _ /
li70 =N =Ny~ Ny — 4
The estimation scheme needs the reader vector of the
previous round. For the first round of our protocol, we
average the number of tags in each coverage of a reader.

Therefore the server estimates the number as n; o = ;- and

l@o =n— =2,

7 IMPLEMENTATION

In this section, we build a prototyping system by USRP-
based readers and programmable WISP tags, and then im-
plement IB protocol.

7.1 Prototype Setup

Due to the limitation of commercial RFID readers that pro-
vides little physical layer information interfaces, we build
a tag distribution identification prototyping system based
on the USRP software-defined platform and programmable
WISP tags. Our test environment is shown in Fig.4(a). For
more specifically, we implement the system with USRP1
based on Gen2 RFID project and WISP firmware. USRP1
in the prototype has two complete RFX900 daughterboards
which are designed for operation in the 900 MHz band.
The RFID tag is implemented with the WISP programmable
device based on the DL-WISP4.1 firmware. The WISP tag
generally comprises three parts: the first part is the M-
SP430F2132 microcontroller which can work in ultra-low
power, the second part is an antenna circuitry which can
gather and backscatter signals, and the third part is sensor
which is not used in our system.
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Fig. 4. Implementation. (a) Prototype Setup: The USRP1 with two com-
plete RFX900 daughterboards and the WISP tags. (b) Communication
process of TDO. (c) CDF of initial synchronization offset. (d) Received
aggregated signals from tags under the regions of three readers.

In the firmware of DL-WISP4.1, it has already comple-
mented the most commonly used features of the EPCglobal
Gen-2 standard (e.g., QUERY, ACK, SELECT). To transplan-
t our protocol on the WISP tag, we extend the original
firmware by adding tag distribution obtaining command
(TDO) which signals the beginning of the obtaining round.
Upon communicating with a tag, a reader must transmit a
continuous RF wave (CW). Fig.4(b) shows communication
between the USRP-based reader and a WISP tag as probed
by command TDO. The tag does not transmit any energy, but
it powers itself by technically harvesting the signal energy
from CW. The backscattered tag response can be apparently
seen as a blend of the reflected CW and the incident CW.
After receiving TDO, the aggregated responses from tags can
be decoded at the reader.

7.2 Synchronization

The RFID tag captures the energy in the reader’s RF signal
to power itself up. On probing by the reader order, the
tag transmits reply on the continuous wave. Theoretically,
our protocol assumes that the transmissions of tags are
synchronized. In practice, on concurrently replying to a
reader’s query, each tag has different delay from the start
of transmission. But the response offset in synchronization
has little impact on the performance. Here, we use 10 WISP
tags to measure the offsets.

Fig.4(c) shows the CDF of the initial offsets. The offset’s
50" percentile is 0.35us. The 90" percentile of the offset is
0.72ps and the maximum is less than 1.4us. When the de-
fault bit rate if 26.5Kb/s, a 1.4us offset is about 3.71%. The
synchronization accuracy is sufficient for the performance.
Thus our protocol is tolerable to the offsets in the system.

7.3 Tag Distribution Identification

To test the practicability of our protocol with the USRP-
based reader and WISP tags, we deploy a prototyping
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system with the same tag distribution as in the case example
(Section 4.2.1). As defined, the system has 3 readers and 9
tags. The reader r; and r3 are both adjacent to the reader r5.
Due to the constrain of the number of the available USRP-
based reader, we run the protocol in sequential mode. Thus
we can perform the process of tag distribution obtaining for
each reader one by one.

On being probed, the tags under the coverage of each
reader reply signals concurrently. Fig. 4(d) plots the received
signals at the readers. In the top of Fig. 4(d), due to the
varied signal strength of different tags, the reader r; receives
the aggregated signals from tags with different magnitude.
But in our protocol, the reader only needs to distinguish
empty bit from busy bit. Thus the reader r; easily interprets
the signals to the reader vector V1="101000011" which is the
same result as the analysis in Section 4.2.1. In the middle
and the bottom of Fig. 4(d), the reader 7 and r3 obtain
V2="100000110" and V3="100001010" respectively. Note in
the seventh bit of Vy, both ¢5 and tg reply 'l’, the aggre-
gated signal also can be identified apparently. The reader
r9 interprets that the seventh bit of V3 is "1’. The readers
can examine the state of each bit to gain the set of tags. The
server then can adopt IB to infer the distribution of tags in
the system.

8 PERFORMANCE EVALUATION
8.1 Simulation Settings

We implement a simulator with Python to evaluate the
performance of our protocol in large-scale systems. Our pro-
tocol is compared with the state-of-the-art protocols, includ-
ing EDFSA [18], Protocol-3 [9], SFMTI [19], P-MTI [20] and
BIC [12]. For fair comparison, we adopt the timing scheme
defined in the EPCglobal C1G2 UHF tags [33] as the unit of
the execution time for all protocols. The transmission rate of
the tag is 53Kb/s. It takes 18.88ys to transmit a bit from a
tag to a reader, i.e. t;, = 18.88us. The transmission rate of
the reader is 26.5Kb/s. Any two consecutive transmissions
are separated by a time interval of 302us. Based on this we
can calculate that the time for the reader to transmit an ID or
a segment of allocation vectors is 3, 927us. In both Protocol-
3 and SFMTI, the tags need to send 10-bit long responses
for helping the reader to distinguish empty, singleton, and
collision slots. Thus the length of a slot for this purpose is
18.88x 104302 = 490us. We fix the parameter p = 1.68 (the
optimal value) in SEMTI. Since BIC is designed to collect tag
information and adopts Bloom filter, we set the length of
sensor information 1 bit and the false positive probability of
the Bloom filter p = 1 x 1072 and p = 1 x 10~* as the same
setting in [12].

In our prototype system, the server can control readers to
run protocols in either sequential mode or parallel mode. In
the sequential mode, the reader starts the execution after the
previous one finished. On the contrary, in the parallel mode,
the readers perform the execution simultaneously. In the
multi-reader cases, the communication conflict would exist.
There are many existing reader scheduling algorithms [27],
[28], which propose the conflict-free schedules for multi-
reader cases. We can adopt those algorithms to arrange the
identification sequence for the readers. Thus, we focus on
two extreme cases that are sequential mode and parallel
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TABLE 4
Execution Time of Different Protocols in Parallel Mode (s)

Scenario Parameter Scheme
n o d n EDFSA  Protocol-3 SFEMTI P-MTI BIC(p=10—%) BIC(p=10—3) 1B
1 20 2,000 500 20 40,000 171 21.3 11.8 9.8 23 2.0 0.8
2 30 2,000 500 30 60,000 17.7 32.1 17.8 15.6 24 2.1 1.1
3 50 2,000 500 50 100,000 18.3 53.8 29.7 26.3 2.4 2.2 1.3
4 50 3,000 750 50 150,000 27.5 80.7 44.6 40.8 3.7 32 1.8
5 50 4,000 1,000 50 200,000 36.5 107.3 59.3 53.7 4.8 43 2.5
6 50 4,000 1,000 0 200,000 36.7 107.7 59.5 53.4 49 43 2.3
TABLE 5
Execution Time of Different Protocols in Sequential Mode (s)
Scenario Parameter Scheme
o o d n EDFSA  Protocol-3 SFMTI P-MTI BIC(p=10—%) BIC(p=10"3) 1B
1 20 2,000 500 20 40,000 229.8 391.7 216.7 188.4 31.1 27.5 10.6
2 30 2,000 500 30 60,000 344.7 585.2 327.0 284.7 46.5 42.1 17.4
3 50 2,000 500 50 100,000 574.5 983.5 546.9 473.1 77.2 70.6 31.6
4 50 3,000 750 50 150,000 862.0 1,462.4 814.5 708.3 117.4 105.9 499
5 50 4,000 1,000 50 200,000 1,145.8 1,934.4 1,083.3 937.1 156.7 140.9 68.8
6 50 4,000 1,000 O 200,000 1,147.6 1,937.3 1,084.8  935.9 156.4 140.3 59.5

mode. On adopting the scheduling algorithms, the execu-
tion time is bounded at the range from the time of sequential
mode to the time of parallel mode. Each simulation exper-
iment was conducted for 100 times and then we report the
averaged results of the independent trials.

8.2 Simulation Performance

In this subsection, we evaluate the performance of our
protocol with the five protocols, i.e., EDFSA, Protocol-3,
SEMTI, P-MTI, BIC (p = 10~3), BIC (p = 10~4) with various
parameter settings. We first evaluate the execution efficiency
under six fixed scenarios. Then we study the impacts of
different parameters, i.e, the total number m of readers, the
average number p of tags in each coverage, the standard
deviation ¢ and the total degree d of the topology.

8.2.1 General Performance

In Table 4 and 5, we compare the execution time among
EDFSA, Protocol-3, SEMTI, P-MTI, BIC (p = 10~3), BIC (p =
10~%) and IB under six fixed scenarios in both the parallel
and sequential mode. In each scenario, we vary one factor
and fix others to study an overview of the influence of each
factor. We first evaluate the impact of m, which fixes p =
2,000 and o = 500, and varies m from 20 to 50. The total
number of tags n is from 40,000 to 100, 000. To keep the
same of average degree, we also vary d from 20 to 50. Then
we fix m = 50 and d = 50, and vary g from 2,000 to 4,000,
o from 500 to 1,000. The total number of tags n is from
100, 000 to 200, 000. At last, we fix m = 50, u = 4,000 and
o = 1,000, and vary d from 50 to 0.

From the tables, we observe that IB performs better than
the other six protocols. With different scheduling algorithm-
s, the execution time will be bounded at the interval of
the execution time of sequential mode (upper bound) and
the execution time of parallel mode (lower bound). The
performance gain of IB under different scenarios benefits

from following design principles: (1) Instead of using only
the application-level information, the inter-round physical
signals are exploited in IB to extract more tag distribution in-
formation. (2) Instead of working individually, all readers in
IB cooperate with each other to accelerate the identification
process. (3) The more relations IB reveals in tag distribution
through topology, the less time IB consumes.

But for EDFSA, Protocol-3, SEMTI, P-MTI and BIC pro-
tocols, the optimal frame size is determined by the number
of tags in the reader’s coverage region or the number of
tags in the system. Therefore, the different degrees of each
reader will also have no impact on the total execution time.
And the readers cannot work together and share their tag
distribution information with each other.

To enable Protocol-3, SEMTI and P-MTI to tackle our
problem, each reader must individually execute the missing
tag identification protocols by taking the overall tags as
input and treating tags outside its coverage as missing
tags. This works but is time-consuming, since the length of
the frames used in these protocols is proportional to the
number of overall tags instead of local tags. Due to the
huge performance gap and for the ease of presentation, we
remove the comparison of EDFSA, Protocol-3, SEMTI and
P-MTI in the following subsections.
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Fig. 5 plots the execution time of different protocols as the
reader number increases. Here we set the total number of
tags in the system n = 10,000. In the meantime, we fix
o =0,p=7,d= 0and vary the number of readers
m from 10 to 100. Generally, IB outperforms over BIC. In
the parallel mode, as the increase of the reader number
m, the execution time of the three protocols have a sharp
decline. But both BIC (p = 1073) and BIC (p = 107%)
take more time on execution than IB. When m = 20, the
execution time of BIC (p = 1072) and BIC (p = 10~%) are

Impact of m
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Fig. 6. Execution time of BIC and IB with respect to n. (a) Parallel reader
scheduling, (b) Sequential reader scheduling.

0.34s and 0.38s respectively. In the meantime, IB finishes
obtaining in 0.15s respectively. In the sequential mode, the
total execution time of both IB and BIC have a slight increase
as the rise of the reader number. Compared with BIC, IB can
reduce execution time by up to 56.2% in the parallel mode
and 62.1% in the sequential mode, respectively.

8.2.3 Impact of i

In Fig. 6, we evaluate the impact of the average tag number
under each reader’s coverage 1 among BIC (p = 1073), BIC
p = 10_4) and IB. We fix 0 = 0, m = 20, d = 0 and vary
w from 100 to 1,000. As shown in the figures, the execution
time of all protocols shares a steady rise tendency as the
average tag number increases in both parallel and sequen-
tial mode. However, IB uses less time than BIC. In more
detail, when 1 = 800, IB consumes approximately 3.96s to
complete the identification in sequential mode. While BIC
(p = 1073) and BIC (p = 10™%) consume about 11.06s and
12.40s. Compared with BIC, IB can reduce execution time by
up to 64.9% in the parallel mode and 68.1% in the sequential
mode, respectively.

8.2.4 Impactof o

In Fig. 7, we evaluate the standard derivation o with respect
to the execution time of BIC (p = 10~3), BIC (p = 10~%), and
IB. In the simulation, we set the parameters m = 50, u =
1,000, d = 50, and vary o from 0 to 500. In the parallel mode
(Fig. 7(a)), since the optimal frame size is constrained to the
region of maximum tag number, all protocols share a steady
rise as o increases. But in the sequential mode (Fig. 7(b)),
all the protocols remain stable because the total number of
the groups remains the same regardless of the variation o.
In either parallel mode or sequential mode, IB outperforms
BIC. Compared with BIC, IB can reduce execution time by
up to 48.1% in the parallel mode and 60.9% in the sequential
mode, respectively.

12

=% =BIC, p=10" A0k _ o -
= +-BIC,p=10""
——1IB _x--

Execution Time (s)

- % =BIC,p=10"!
= 4=BIC p= 107
——IB

0 100 200 300 400 500 0 100 200 300 400 500

/7 o

(@ (b)
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8.25 Impactofd

We also evaluate the impact of the different degrees among
BIC (p = 107?), BIC (p = 10~%) and IB. Here we fix yu =
1,000, o = 100, m = 50 and vary d from 0 to 4, 000. Without
losing generality, we generate the random topologies in the
simulation. As shown in the Fig. 8, the more relations IB
reveals in tag distribution through topology, the less time IB
consumes. For example, when the degree d decreases from
3,000 to 1,000 in sequential mode, both BIC (p = 10~3) and
BIC (p = 10~%) share a stable execution time, but IB has a
decline with 1.7s in the execution time respectively.

8.3 Performance Evaluation

8.3.1 Cardinality Estimation Scheme

To achieve the high efficiency in obtaining tag distribution,
the server must set the optimal frame size by utilizing
the cardinality of the sets N; o, N; 1, Lio and £, 1. In our
method, we propose the estimation scheme to attain the
cardinality of the set V; o and the set £; . However, the esti-
mated n; o and lito may deviate from the actual value. In Fig.
9(a), we plot three scenarios to investigate the estimation
error by running 500 times, varying /; o from 1,000 to 20,000
and fixing n; o = 1,000. The estimation error has slightly
increase with the increase of /; 9, and is smaller than 0.8 in
most cases. Then we plot Fig. 9(b) and 9(c) to investigate the
impact of estimation error on the total execution time. The
figure illustrates the results with ;o = 1,000, 0 = 0, m = 20
and d = 0, and the estimation error varies from 0 to 0.8.
Obviously, when no estimation error exists, the execution
time is the shortest. But when the estimation error grows
larger, the execution time only has a small increase. Thus,
the estimation error is tolerable for our protocol IB.
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TABLE 7
Total Vector Size under Five Scenarios
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Scenario Parameter Total Vector Size (x103)
n; m n Avg  Min Max
1 2,000 20 40,000 312 274 37.1
2 2,000 30 60,000 337 29.0 39.8
3 2,000 50 100,000 353 284 429
4 3,000 50 150,000 475 427 51.7
5 4,000 50 200,000 631 56.6 70.8
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Fig. 9. Evaluation of the cardinality estimation scheme. (a) Three sce-
narios to investigate the estimation error (From the top to the bottom:
l;,0 = 1,000, 10,000 and 20, 000). (b) Impact of estimation error on the
total execution time in parallel mode. (c) Impact of estimation error on
the total execution time in serial mode.

TABLE 6
Total Rounds under Five Scenarios

Scenario Parameter Total Rounds
n; m n Avg Min Max
1 2,000 20 40,000 9 6 15
2 2,000 30 60,000 11 8 16
3 2,000 50 100,000 10 7 14
4 3,000 50 150,000 11 8 15
5 4,000 50 200,000 11 6 16

8.3.2 Efficiency Evaluation

We then investigate the efficiency of IB in five fixed scenar-
ios. Since the standard deviation o varies among the readers
in the system, we set 0 = 0 in the five scenarios to have
a clear investigation of the efficiency. For the simplicity of
description, we only focus on the i-the reader. The settings
of the five scenarios are shown in Table 6 and 7. We first
fix n; = 2,000, d = 0 and vary m from 20 to 50. And then
we fix m = 50 and vary n; = 4,000. Table 6 plots the total
rounds of the reader r; uses under the five scenarios. We
can observe in all cases, IB can execute in no more than 16
rounds. On average, the reader r; finishes identification in
about 10 rounds, which helps the server achieve high effi-
ciency of the tag distribution identification. Table 7 plots the
total vector size of the reader r; uses under five scenarios.
We can observe that the total vector size increases as the
increase of the total number of tags in the system.

9 CONCLUSION

This paper studies a new problem of how to efficient explore
tag distribution in multi-reader RFID systems. The problem
is to fast identify the tag set beneath each reader, which
is a fundamental premise of efficient product inventory
and management. Only with such tag set information can
we localize specific tags in a reader and expedite the tag
query information collection. We present a sophisticated

protocol IB that identifies the tag distribution based on
information inference rules and the aggregated physical
signals to improve operational efficiency. To validate the
protocol efficiency, we build a prototype system, which is
based on the Universal Software Radio Peripheral (USRP)
platform and the Intel Wireless Identification and Sensing
Platform (WISP), and then implement IB. From conducting
extensive simulations, the evaluation results show that IB
outperforms the state-of-the-art protocols.
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