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Abstract—In this paper, Radio Frequency IDentification
(RFID) tag set cardinality estimation problem is considered
under the model of multiple independent reader sessions with
unreliable radio communication links in which transmission
errors might occur. After the R-th reader session, the number
of tags detected in j (j = 1,2, ..., R) reader sessions is updated,
which we call observed evidence. Then, in order to maximize the
likelihood function of the number of tags and the transmission
error probability given the observed evidences, we propose three
different estimation methods depending on how to treat the
discrete nature of tag set cardinality. Computer simulation results
demonstrate the effectiveness of the proposed method.

I. INTRODUCTION

One of the fundamental tasks in RFID systems is to estimate
the total number of tags fast and reliably [1]. For example, in
inventory management applications, the total number of prod-
ucts in a warehouse should be known. Also, the information of
the tag set cardinality can be utilized in frame-slotted ALOHA
based protocols for efficient tag identification [2]-[4]. In par-
ticular, Vogt method [2] minimizes the distance between the
actual and theoretical reading results as represented by vectors
(E,S,C) and (E,S,C), where the elements of the vectors
correspond to the number of empty, singleton and collision
slots in the frame, respectively. Another simple estimation
method is presented in [3] by assuming that the frame size
is chosen to be equal to the tag set cardinality. Besides, [4]
has proposed a method using Maximum a Posteriori (MAP)
approach.

On the other hand, apart from the collision problem, trans-
mission errors due to multi-path fading, obstacles in the radio
path, blind spot phenomenon [5] or materials to which the
tags are affixed [6], can be another limiting factor of the
accuracy of the estimated tag set cardinality in RFID systems.
Assuming transmission errors due to the channel, R. Jacobsen
et al. [7] propose a practical method named Remove Element
Greater than Mean (REGM) in which multiple independent
reader sessions are employed. In particular, at the R-th reader
session, appropriate weights of the observed evidences, which
are defined as the number of tags detectedin 5 (j = 1,2, ..., R)
reader sessions, are determined in order to estimate the trans-
mission error probability and the total number of tags. Note

that, the assumption of the independent reader sessions will
be valid, for example, in time-selective fading environments,
which could be seen in practical applications with moving
target tags typically on conveyor belt systems.

In this paper, Maximum Likelihood (ML) approach is
utilized to deal with the tag set cardinality estimation problem
using the multiple independent reader sessions model in [7].
In particular, in order to maximize the likelihood function of
the transmission error probability p and number of tags N
given the current observed evidences, three different methods,
namely, Exhaustive ML (EML), ML with Sample Mean for
N (MLSM), and ML with search Stopping Criterion (MLSC)
are proposed depending on the ways of treating the discrete
nature of N. In EML method, the likelihood function is
evaluated for all possible values of [V, thus, it can achieve
the best performance among all the methods but with high
computational complexity due to the exhaustive search. In
order to reduce the complexity, MLSM method is proposed
as the simplest one. In this case, p is firstly estimated using
a rough initial estimate of N, and then the estimate of N
is updated by the sample mean of the observed evidences
using the estimated p. In MLSC method, by assuming the
continuous relaxation for NV, the behavior of the likelihood
function with respect to NN is analyzed and a stop-searching
criterion is given. The performance of the proposed methods is
evaluated and compared with that of the conventional REGM
method via computer simulations.

II. SYSTEM MODEL AND CONVENTIONAL APPROACH
A. System Model

The considered RFID system consists of a reader and N
unknown tags in the communication range where multiple
independent reader sessions are performed. A reader session
is defined as a reading round in which the reader broadcasts
a message to all tags and receives responses from them. The
transmission error probability p, which is the probability that
a tag is not read in each reader session, is assumed to be
unknown a priori and identical for all the tags. After R reading
rounds, the number of tags observed in R+1—7 (j = 1,.., R)
reader sessions k; is updated, which is denoted as an observed



Fig. 1. Venn diagram of observed evidences (R = 2)

evidence. Our problem is to estimate the transmission error
probability p and the tag set cardinality /N using the observed
evidences at each reader session.

Figure 1 shows a Venn diagram of the observed evidences
for the case with two reader sessions, where kp is the number
of tags that have been read in both reader sessions, and
koa(kaop) is the tag set cardinality that is read only in the first
(second) reader session. In this case, k1 and ko = ko, +koy, are
the observed evidences, which will be used for the estimation
of N and p.

B. Conventional Approach-REGM Method [7]

For the case of two reader sessions (R = 2), REGM method
utilizes the relations of

E[ki] = Np; = N(1 - p)?, (1)
E[ks] = Nps = 2N(1 — p)p, (2)

where p; and ps are the probabilities of detecting a tag in both
reader sessions and only one reader session respectively. Let p
and N denote the estimates of p and N respectively obtained
by replacing E[k;] with the observed evidence k; (j = 1,2).
Then, with the replacement, (1) and (2) become a set of linear
equations of p and N, which can be easily solved as

)
ok 3
D Sy + kg 3
and
gtk (4)
1—p2?

The problem is also extended to the model with R (> 2)
independent reader sessions in which the corresponding ob-
served evidences are ki, ko,...,kg. In this case, N can be
estimated for given p as
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while REGM estimates p by using a generalized form of (3)
as

Zf:l ¢n(])k3 Zf:l (bn(J) (127571))(1 - ﬁ)Ri(jil)ﬁjil
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Two window functions ¢, (j) and ¢q(j) determine the ob-
served evidences used to compute p, which are chosen as
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my 18 the sample mean of the nonzero elements in w. The
basic strategy here is to utilize the observed evidences with
smaller normalized values except for zero elements, although
no explicit justification is given in [7]. While it has been shown
that the REGM can outperform the estimator based on [8],
there might be a room to improve the estimation performance
using the multiple reader sessions model, because (6) and the
window functions are chosen in a rather heuristic manner.

III. PROPOSED METHOD

Here, we propose three different estimation methods using
ML approach for the model of multiple independent reader
sessions.

A. Likelihood Function

The probability of detecting a tag in R+1—j reader sessions
is given by

R e
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Therefore, if random variables representing the observed
evidences obtained after R reader sessions are denoted by
K, Ky, ..., Kg, they will follow the multinomial distribution.
Thus, the likelihood function of N and p can be represented
as

P(kla ) kR|va) = P(Kl = kl, “wKR = kR|N7p)
R+1
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Our problem is thereby equivalent to finding values of N, p,
which maximize the log likelihood function as

(N7ﬁ) = arg lnP(k17k27“‘>kR|N7p)'

max
NeN,pe[0,1]
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Setting the derivative of the log likelihood function with
respect to p to be equal to zero, we obtain

RN — Y5 ((R+1—j)k;

RN ’
On the other hand, due to the discrete nature of N, we
cannot obtain an estimate N by using the same approach
with derivation. Thus, in the sequel, we propose three different

approaches depending on how to deal with the discrete nature
of N.

p= (12)



B. Exhaustive ML (EML)

An exhaustive search algorithm will be employed in this
method. In particular, by substituting p of (12) into p of the
log likelihood function, we obtain
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Then, for each discrete value of N, the log likelihood function
(13) is evaluated. In the search algorithm, the total number of
tags observed in the reader sessions

(14)

can be used as the minimum possible value of N. The
optimal value N is the one that maximizes the likelihood func-
tion. Hence, EML method can achieve the best performance
among the three methods, which will be further discussed
via simulation results. However, this method requires a high
computational complexity due to the exhaustive search.

C. ML with Sample Mean of N (MLSM)

To reduce the computational complexity, MLSM method is
proposed in this section. In this method, p is firstly estimated
by using (12) where No is used as a rough estimate of
N. Then, N will be updated by the sample mean of the
observed evidences using (5). MLSM method can obtain the
estimates of p and N from the observed evidences with
very low computational cost. Although there will be some
performance degradation compared as EML, we can expect
good performance for a large number of reader sessions R,
since Ny will be close to the actual total number of tags.

D. ML with search Stopping Criterion (MLSC)

EML method requires a high computational complexity
because in the exhaustive search algorithm, all possible values
of N have to be evaluated. To overcome this inconvenience,
in this section, we derive a stopping criterion of the search
algorithm by analyzing the log likelihood function. In partic-
ular, by using the continuous relaxation, we can consider the

derivative of (13) with respect to NV as

fo(N) = W(N +1) - Zk .
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fip(N) = U(N +1) — (N — Ny + 1), (16)
R .
R+1—3j
for(N) =Rln | 1 - — ki |, (17)
= RN J

and U(z) is the digamma function [9] i.e., ¥(z) = L InT(x)

and I'(z) = (z — 1)!. By analysis, we obtain
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Therefore, fp(N) is monotonically decreasing for N < N*
and is monotonically increasing for N > N**. It is also easily
verified that N** > N* > 0 and N** > No while N* ~ N**
for sufficiently large No.

In summary, assuming sufficiently large Ny, we can con-
clude that fp(N) has a unique minimum at N* ~ N** in
the region N > 0 and has a negative value as N — oo.
This means that, if fp(No) > 0, the equation fp(N) = 0 has
a unique solution N*** where N*** > NO. In other words,
the log likelihood function (13) is monotonically increasing
with respect to Ny < N < N** and then is monotonically
decreasing with respect to N > N*** after reaching to
the maximum value at N = N**. On the other hand, if
fp(No) <0, fp(N) is negative in all the range N > Ny and
hence, the log likelihood function is monotonically decreasing
with respect to N > No. It implies that the log likelihood
function obtains the maximum value at N = Ng. Thus, we
evaluate the value of the log likelihood function for each
discrete IV in an increasing order starting from N = NO, and,
if we observe the decrease of the likelihood, then /V in the
previous step is selected as the estimated value N. We call
this method MLSC.

IV. SIMULATION RESULTS

In this section, we will show the performance of the pro-
posed methods under different system parameters via computer
simulations. The performance of the methods is also compared
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Fig. 3. Average normalized error of N (p = 0.2, N = 10)

with that of REGM method [7]. The simulation results are
obtained by Monte Carlo method with .S = 10000 runs.

In Fig. 2, we show the root mean-square-error (RMSE)
performance of the estimated error probability obtained by the
proposed methods and the conventional REGM method with
p=0.2 and N = 10. The RMSE is defined as

(20)

where p; is the estimate of p at the ¢-th simulation run. We
can observe that the estimation accuracy is improved by all
the proposed methods compared to the REGM method. This
is because the window functions used in REGM method are
determined in a rather heuristic manner, while our methods
utilize ML approach. The comparison is also presented in
terms of the estimation of the cardinality in Fig. 3 with p = 0.2
and N = 10, where the average normalized error is given by
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where NZ is the estimate of IV at the ¢-th simulation run. From
the figure, we can see that MLSM and conventional REGM
have almost the same performance, while MLSM achieves
better estimation accuracy of p. The reason is that they share
the same estimation method of (5) for N , and the improvement

2y

of p does not have a large impact on N. However, MLSM
method requires much smaller number of computations than
that of REGM method, where p is computed by numerical
least squares method. On the other hand, EML method, which
requires high computational complexity due to the exhaustive
search, always presents the best performance among the meth-
ods, while MLSC method achieves the same performance as
EML method. This is because, unlike MLSM or REGM meth-
ods, EML and MLSC utilize ML approach for the estimation
of N as well. The performance gain gets greater as the number
of reader sessions is increased because all the information of
the observed evidences can be utilized in the methods.

V. CONCLUSION

In this paper, we have studied practical and efficient estima-
tion methods of the tag set cardinality and transmission error
probability in RFID systems using the maximum likelihood
approach. For multiple independent reader sessions model,
three different methods, namely, EML, MLSM, and MLSC have
been proposed in order to maximize the likelihood function by
taking different approaches in the way of treating the discrete
nature of N. Computer simulation results showed that the
estimates of p and N of the proposed methods are more
accurate than those of the conventional REGM method. In
particular, MLSM method achieved a slightly better estimate
of N than REGM method for small number of tags N, while
MLSM method outperformed REGM method in terms of the
accuracy of p regardless of N. MLSC method achieved the
same performance as EML method, providing the performance
bound for the ML approach. In the future work, we intend to
study the problem of the tag set cardinality estimation in the
presence of both collisions and transmission errors.

REFERENCES

[1] M. Bolic, D. Simplot-Ryl and I. Stojmenovic, RFID Systems: Research
Trends and Challenges, Wiley & Sons, 2010.

[2] H. Vogt, “Efficient Object Identification with Passive RFID Tags,” Proc.
Int. Conf. Pervasive Computing, pp. 98-113, 2002.

[3] E. C. Schoute, “Dynamic Frame Length ALOHA,” IEEE Transactions on
Communications, COM-31(4):565-568, Apr., 1983.

[4] W-T Chen, “An Accurate Tag Estimate Method for Improving the
Performance of an RFID Anticollision Algorithm Based on Dynamic
Frame Length ALOHA,” IEEE Transaction on Automation Science and
Engineering, Vol. 6, No. 1, Jan., 2009.

[S] L. W. E Chaves, E. Buchmann, and K. Bohm, “Tagmark: Reliable Esti-
mations of RFID Tags for Business Processes,” KDD ’08: Proceeding of
the 14th ACM SIGKDD international conference on knowledge discovery
and data mining, New York, 2008.

[6] “RFID for Logistic Applications - Test Results,” in EPCglobal Inc., 2005.

[7]1 R. Jacobsen, K. F. Nielsen, P. Popovski and T. Larsen, “Reliable Iden-
tification of RFID Tags Using Multiple Independent Reader Sessions,”
IEEE International Conference on RFID, 2009.

[8] Z.E. Schnabel, “The Estimation of Total Fish Population of a Lake,” The
American Mathematical Monthly, vol. 45, no. 6, pp. 348-352, 1938.

[9] G. D. Anderson and S.-L. Qiu, “A Monotoneity Property of the Gamma
Function,” PROCEEDINGS OF THE AMERICAN MATHEMATICAL
SOCIETY, vol. 125, no. 11, pp. 3355-3362, Nov. 1997.

[10] E. Siili and D. Mayers, An Introduction to Numerical Analysis, Cam-
bridge University Press, 2003.

[11] M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions:
with Formulas, Graphs, and Mathematical Tables, New York, 1972.

[12] S. J. Patterson, An Introduction to the Theory of the Riemann Zeta-
Function, Cambridge University Press, 1988.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


