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Bayesian Tag Estimate and Optimal Frame Length for
Anti-Collision Aloha RFID System

Haifeng Wu and Yu Zeng

Abstract—In a dynamic framed slotted aloha RFID system, the key
technique can be divided into two parts: precisely estimating tag quantity
and determining an optimal frame length. For estimating tag quantity,
this paper uses three risk functions to propose three Bayesian estimates,
and improves the estimates to reduce computational complexity. For
determining an optimal frame length, this paper derives an optimal frame
length, which can make the system achieve maximum channel usage
efficiency under the condition that the durations of an idle, a collision and
a successful slot are not identical. In our simulations, comparison with
several conventional tag estimates shows that the proposed Bayesian tag
estimates have less error. In addition, the improved estimates have lower
computational complexity and their estimate performance is not reduced.
The simulations results also indicate that the derived optimal frame length
guarantees the maximum channel usage efficiency.

Note to Practitioners—Tag estimates proposed in this paper are capable of
precisely estimating tag quantity in a dynamic framed aloha RFID system.
The main advantage of the proposed estimates is to present a method to re-
duce computational complexity of estimating tag quantity. Since estimating
tag quantity is generally processed at a reader, the presented method can help
engineers to improve the reader’s running speed and reduce the reader’s
memory usage. In current RFID standards such as ISO-18000-6 and EPC
C1 Gen2, the durations of an idle, a collision and a successful slot are set to
being different to improve identification efficiency. Under such condition
of the slot duration, the published frame length schemes would not guar-
antee maximum channel usage efficiency. Since setting frame length is not
specified in these standards, engineers can reduce the time of identifying
tags by applying an optimal frame length derived in this paper to these
standards. The maximum channel usage efficiency of the derived frame
length surpasses that of the published schemes.

Index Terms—Anti-collision, framed aloha, frame length, RFID, tag es-
timate.

I. INTRODUCTION

One of radio frequency identification (RFID) advantages over
traditional bar code is that RFID can support simultaneous multi-tag
identification, and hence offer higher identification efficiency. The
multi-tag identification is actually a multi-access communication
system. When the multiple tags simultaneously transmit their signals
to the reader, collisions will happen. Now, many conventional anti-col-
lision algorithms for multi-access systems have been applied to the
RFID tag anti-collision system. These algorithms can be grouped into
two broad categories: tree-based algorithms [1]-[9] and aloha-based
algorithms [10]-[19]. Aloha-based algorithms randomize access times
of tags to reduce collisions and are suitable for systems with limited
capabilities mobile nodes and a powerful base station or a reader. In
an RFID system, a reader dominates the multiple-access procedure
and tags are, in general, passive devices and have very limited power.
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Hence, aloha-based algorithms are very suitable for the RFID system.
Aloha-based algorithms can be categorized into pure aloha, slotted
aloha and dynamic framed slotted aloha. Since the dynamic framed
slotted aloha can dynamically adjust the frame length in the subsequent
round (frame) to improve system throughput, the dynamic framed
slotted have higher identification efficiency than the pure aloha and the
slotted aloha. However, the frame length’s adjustment is according to
tag population, which is generally unknown to the reader. Therefore,
in order to improve the performance of the dynamic framed slotted
aloha, we should consider two problems: precisely estimating the tag
population and determining the optimal frame length.

Among conventional tag estimates, the simpler ones are lower bound
estimate [11]-[14], Schoute estimate [10], [13]-[15] and idle slot es-
timate [18]. However, these three estimates are not applied to aloha-
based systems now because their estimate results are not accurate. Vogt
estimate [11], [12], [16], [17] and maximum a posteriori (MAP) esti-
mate [19] have less error than those three estimates. Vogt estimates tag
quantity by searching the minimal distance between the real results of
idle slot, successful slot and collision slot quantity and the expected
ones. MAP estimates tag quantity also by searching maximum a pos-
teriori probability. In these two methods, one obvious concern is a tag
quantity range over which the minimal distance or the maximum prob-
ability needs to be searched. If the range is wide, the estimates’ com-
putational complexity will be high.

To improve the performance of dynamic framed slotted aloha, an-
other problem, the frame length determination according to tag quan-
tity also needs to be taken into consideration. References [10], [13],
[15], [19] all propose that the RFID system would achieve maximum
channel usage efficiency when the frame length, i.e., the time slot quan-
tity in a frame, is equal to the tag quantity. However, this proposition
is based on the assumption that the durations of an idle, a collision and
a successful slot are identical. In fact, the channel usage efficiency can
be enhanced if these three durations are set to being different. In some
current RFID standards such as ISO 18000-6 [20], [21] and EPC C1
Gen?2 [22], the durations are different. Therefore, the scheme that the
frame length is equal to the tag quantity is not suitable for the systems
in these standards.

Application of Bayes’ rule to a multi-access system is not new.
Rivest proposes a Bayesian transmission strategy for a slotted aloha
broadcast system [23]. Based on Rivest’s work, Floerkemeier also
applies the Bayesian transmission strategy to a framed aloha RFID
system in [13], [14], [24]. Theses works mainly concern about how
to control system transmission, such as using Bayesian rule to update
the probability distribution of tag quantity and computing an optimal
frame size. On the other hand, the tag estimate method has not been
discussed in these references. In fact, Bayesian tag estimate is very
suitable for estimation under few observation samples [25]. Since a
reader in an RFID system usually reads tags only once in a frame and
could not collect enough observations, Bayesian could also be used
for the tag quantity estimate.

Using different risk functions, this paper proposes three Bayesian
tag estimates: Bayesian mean-square, Bayesian absolute-error and
Bayesian posterior-probability estimate. By narrowing the search
range of tag quantity, this paper also improve several tag estimates to
reduce their computational complexity. Besides, we derive an optimal
frame length scheme, which can achieve maximum channel usage
efficiency under the condition that the durations of an idle, a collision
and a successful slot are different. This paper is organized as follows.
Section II presents a dynamic framed slotted aloha RFID system model
and Section III proposes several tag estimates. In Section IV, we derive
an optimal frame length scheme. Section V provides simulations to
demonstrate the performance of the proposed estimate and the derived
frame length scheme. Finally, conclusions are drawn in Section VI.

II. DYNAMIC FRAMED SLOTTED ALOHA RFID SYSTEM

A dynamic framed slotted aloha RFID system configures a read
process with some continuous frames that consist of slots. Each
tag responds at a randomly selected slot and only once in a frame.
For a given time slot, there are only three possible outcomes: idle
slot, collision slot and successful slot, which means no tags, only
one tag and at least two tags response in a slot, respectively. The
dynamic framed slotted aloha system can adjust a frame length in the
subsequent frame to reduce the idle slot and collision slot, and hence
has better performance than the fixed framed aloha. Now, we give the
following properties for the dynamic aloha system.

Consider a dynamic framed slotted aloha system with n tags to
be read and a read cycle with a frame length of L time slots. The
probability of idle, successful and collision slot is given by [11], [12],
[151-{17], [19]

po=(1-1/L)" (1-a)
p1 = (n/L)Y(1—=1/0)*"" (1-b)
pe=1-(1=1/L)" = (n/L)(1=1/L)""" (1-¢)

Thus, the expected number of idle, collision and successful slots in a
frame can be given by

ao(L,n) = L(1=1/L)" (2-a)
ar(L,n) =n(1—1/L)""" (2-b)
a (L) =L[1—(1=1/0)" = (n/L)(1-1/L)"""] (20

In addition, according to (2), we can also obtain the probability that
there are cq idle slots, ¢; successful slots and ¢, collision slots in a
frame of length L, which is shown as [19]

N 3

p(nfc) = —60,01',6 <P

where c¢ is observation of a frame read result, which is shown by the
triple

c={co,c1,cCn). 4

III. TAG ESTIMATE

To achieve higher identification efficiency, the dynamic framed
slotted ALOHA RFID system needs to dynamically adjust a frame
length. Compared with tag quantity, a smaller frame length may
produce excessive collisions, while a much larger frame length would
lead to underutilization of channels. These both result in long tag
identification delay and low throughput. Therefore, the frame length
adjustment should be according to the tag quantity, which is, however,
usually unknown to a reader. In general, we can utilize read results
collected at the reader to estimate the tag quantity, such as idle slot,
collision slot and successful slot quantity in a frame [11], [12].

A. Bayesian Tag Estimate

In the dynamic framed slotted aloha RFID system, let ¢ =
[c(0),¢(1),...e(M —1)]" be M past observations of read results,
idle slot, collision slot and successful slot quantity in a frame.
Some statistical theories, such as frequency probability methods
[25] consider ¢ as random variable and tag quantity n as unknown
deterministic one. Hence, ¢ obeys a probability distribution of n and
¢,c ~ p(e,n), and then the tag quantity n can be estimated using
p(c,n). The estimate accuracy, however, is guaranteed only under
large numbers of observations, i.e., M is very large. However, a reader
in an RFID system usually reads the tags only once in a frame and
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hence could not collect enough observations. Therefore, the frequency
probability methods would not be reliable when M = 1. Bayesian
estimate considers n as a random variable, not a deterministic one, and
updates the prior distribution of n by the posterior distribution p(n|c).
Therefore, Bayesian estimate has better performance even under only
one observation and is very suitable for the tag estimate in an RFID
system. The tag quantity of Bayesian estimate can be shown as

+oo
i = arg min > I, n)p(n|e) ()

n=1

where .J (71, n) is a risk function and p(n|c) is probability of n, given
event c. Since there are at least two contending tags in a collision slot,
lower bound of 7 can be determined. Thus, the search tag range, set €2
can be expressed as [11]-[14]

Q={nlci +2c. <n <N} (©6)
where we suppose that NV is maximum number of tags that an RFID
system can read. Bayesian estimate is actually to find the minimum
conditional expectation of risk function J(n, n). Different Bayesian
estimates will have different risk functions. Next, we give the following
estimates using three kinds of risk functions:

Bayesian mean-square estimate’s risk function is denoted by [25]

J(i,n) = (7 —n)°. @)

Substituting (7) into (5) and computing extremum, we will have
n == np(n|c) 8)

where we let p be normalized f which can make Y. 3=, 5(n | ¢) = 1.
Bayesian absolute-error estimate’s risk function is denoted by [25]

J(n,n) =|n—n|. )

Hence, the corresponding Bayesian estimate is

7 N
A= argggg <Zp(n |e) — Zp(n|c)> .

n=1 n=n

(10)

Bayesian posterior-probability estimate’s risk function is denoted by
[25]

_ 1 |a—nl>A)2

T(n) = {o i —n| < A/J2

where A is a parameter with small value. Hence, the corresponding
Bayesian estimate is

an

A = arg max p(n|c). (12)
Bayesian posterior-probability estimate in (12) is actually MAP esti-
mate, which is the same form as the estimate in [19].

B. Tag Estimate With Low Computational Complexity

To find extremum, Bayesian estimates (10) and (12) need to search
N — ¢1 + 2¢,, times in the range of 7, €2. In fact, by narrowing €2, we
can reduce the search times and hence reduce the Bayesian estimates
computational complexity.

Let expectation of idle slots quantity in a frame ao be replaced by
observation ¢g. Then, according to (2-a), we have [18]

In(co/L
no /D) (13)
In(1-1/L)
Since we use only the information of idle slot quantity, the estimate 7
in (13) is not accuracy and could not be consider as a final estimate
result. In Bayesian absolute-error estimate (10), let

N

8(n) = Zp(n |e) — Z p(n|c).

n=1

(14)

n=n

From many simulations of computing §(n), we have the following re-
sults. For a given L and ¢, 5(7) has a unique minimum and it will be
monotonically decreasing for 7 < 7 and monotonically increasing for
n > n. Therefore, 5(n) is actually a V curve with respect to 7. Substi-
tuting 7, 7 + 1 into (14), we can obtain 6(7), 5(7 + 1) and compare
them. If §(n) > §(n + 1), then §(n) will be monotonically decreasing
for 7 < n < 7. The search for 7 can be stopped when §(7n) begins to
increase, for increasing 7. That is, once (7 = n,) < §(n, + 1), the
increment of 7 will be stopped and n, is the solution of estimate 7.
Likewise, if 6(n) < 6(72 + 1), § will be monotonically increasing for
7 < n < fn.0nce §(n=ny) < §(ny — 1), the decrement of 72 will
be stopped and n, is the solution of estimate 7. Therefore, tag quan-
tity of Bayesian absolute-error estimate over 7. € € is equivalent over
n € ¥, where

¥ =6(n)>6Mn+1)7T,: T, (15)
U, ={a|a<n<n} (16)
Py = {i|n < <} (17

in which z?a : b defines a conditional expression which returns a if
x is true, but b otherwise. Since conditional probability p(n | ¢) has a
unique maximum, whose curve is actually a A curve with respect to
n, we could process Bayesian posterior-probability estimate similar to
(15) to (17). Therefore, tag quantity of Bayesian absolute-error estimate
over n € {2 is equivalent over n € I', where

F=p(|c) <pn+1|c)?T1: Ty (18)
Iy ={a|i<n<n) (19)
T, = {a|i<n <l (20)
Vogt estimate is denoted by [11], [12], [16], [17]
A . sy 2
A = arg min [|[A(n) — CJ| @21
where || o || is Euclidean norm and
C = [co, cl,c,i]v1
A(n) = lao(L, 7). ar (L, 7), ax(L.7)]".
Let
8'(n) = [|A(5) — CI*. (22)

Similar to §(7), the function 8’ has also a unique minimum. We could
also use (15) to (17) to narrow 2. Therefore, tag quantity of Vogt esti-
mate over 7 € € is equivalent over 7 € W.
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TABLE I
COMPUTATIONAL COMPLEXITY

Estimate Computational Complexity

Bayesian mean-square estimate
Bayesian absolute-error estimate

O(N-¢-2¢,+1)
O(2N-c1-2¢+1)

Bayesian posterior-probability estimate O(N-c1-2¢,+1)
Vogt estimate O(N-c\-2¢;+1)
Improved absolute-error estimate O(N+|n-n |+2)
Improved posterior-probability estimate O(|n-nl|+2)
Improved Vogt estimate Oo(n-n|+2)

C. Computational Complexity Analysis

To obtain the sum of conditional probability p(n|c) from n = 1 to
n = N, Bayesian mean-square estimate needs to enumerate the condi-
tional probability NV times. Bayesian absolute-error estimate not only
enumerates the probability /V times but also searches N —¢1 — 2¢, +1
times over §2 to find minimum. Similar to Bayesian absolute-error es-
timate, Bayesian posterior-probability and Vogt estimate both need to
search N — ¢ — 2¢, + 1 times over €2 to find extremum. The improved
estimates: Bayesian absolute-error, posterior- probability and Vogt es-
timate with low computational complexity narrow the search range.
Hence, these improved estimates all needs to search only |7 — 72| + 2
times. The computational complexity of the estimates above is listed in
Table I.

IV. FRAME LENGTH

A. Channel Usage Efficiency

The frame length in the dynamic framed aloha RFID should be re-
lated to the tag quantity. Some frame length expressions with respect
to the tag quantity is derived in [10], [13], [15], [16], [18], [19], which
assume that the durations of an idle, a collision and a successful slot
are identical [10], [13], [15], [16], [19] or the durations of a collision
and a successful slot are identical [18]. To improve identification ef-
ficiency, however, these durations can be different. In current RFID
standards such as ISO 18000-6 [20], [21] and EPC C1 Gen2 [22], an
idle, a collision and a successful slot duration have been set to being dif-
ferent. In these systems, a responding tag will firstly transmits its 16-bit
random or pseudo-random numbers (RN16) to a reader in a slot. There
are three possible outcomes: terminating a slot ahead for no RN16 in-
formation received at the reader, transmitting the tag’s 64-bit electronic
product code (EPC) after the RN 16 correctly received, and not needing
to transmit 64-bit EPC for the RN16 colliding with others. Therefore,
durations of the slots ranges from the most to the least as follows: the
successful, collision and idle slot.

Here, we analyze that the maximum channel usage efficiency could
be enhanced under the condition that an idle, a collision and a suc-
cessful slot duration are not identical. Suppose that to, %, and ¢; is
an idle, a collision and a successful slot duration, respectively. Then,
channel usage efficiency can be shown as [10], [15]-[19]

_ a1 (L,n)t
P = ao(L,n)to + ai (L,n)ts + ax(L,n)t, (23)

We consider a linear model which assumes that L be linearly related to
n, L = kn. Then, when number of tags n is very large, we can obtain

(24)

Let a = to/t1,3 = t./t1, and substitute (24) and (2) into (23). This
yields

1
T kBet 4+ k(a—p)+1- 48

(25)

From (25), we have

‘I—):|a'<ﬂ<1 > Z—):Ly(],,@:] > Pj|(y:ﬁ:1 (26)

where PJla<p<is Pfla<i,=1 and PJla—p=1 is the maximum
channel usage efficiency under @« < 3 < l,a < S = 1 and
a = 4 = 1, respectively. Formula (26) indicates that the maximum
channel usage efficiency can be enhanced by lessening an idle or a
collision slot duration. In fact, when L = n, substituting ¥ = 1 into
(26) canyield PJ |a<pg<1 > PJla=p=1 = 1/e = 0.368, which means
that the maximum channel usage efficiency under ¢ty < ¢. < t; can
surpass the value, 0.368 under to = ¢, = #;.

B. Optimal Frame Length

In the dynamic framed slotted aloha RFID system, [10], [13], [15],
[19] all propose that the channel usage efficiency achieve maximum at
L = n. However, this proposition assumes ¢y = t,. = t;. Computing
derivative of P; in (23) respect to L and substituting L = n will yield

dP,
ar |,

S=n

=0 a=4. 27
Formula (27) indicates that the frame length scheme L = = in [10],
[13], [15], [19] could not guarantee the maximum channel usage effi-
ciency if to # t.. Reference [18] defines o # ¢, and ¢, = t;, under
which the maximum channel usage efficiency is simply that in (25)
when 3 = 1.

Next, we will define our optimal frame length scheme, which allows
the channel usage efficiency to achieve its maximum. Suppose that P,
in (25) achieve maximum at & = k™, and consider a linear model that L
is linearly related to n. Thus, the optimal frame length can be denoted
by

L=|k"n]. (28)
where | e | is the floor integer function. The key point of (28) is how
to obtain the solution of k™, i.e., to find the maximum of P, in (25).
The solution of k™ is a complicated concavity problem. To simplify
it, we consider another policy. For a given RFID system, o and § in
(25) could not be time-variable, so &* do not require being obtained
time-variably. We can find &* beforehand and store it in memory. Ad-
ditionally, since the frame length L = |[k™n| is an integer, ¥* may
not be accurate enough. Therefore, we can find £ by graphics. For ex-
ample, we draw some curves of P, with respect to k& under different
« and 3 in Fig. 1, where P; achieves the maximum at & = 1.7 when
a = 0.125, 3 = 0.5. Thus, we have k™ =~ 1.7. Likewise, we can ob-
tain that &* is approximately 1.0 and 2.3 when o = 0.125, 5 = 0.125
and « = 0.125, 3 = 1, respectively.

V. COMPUTER SIMULATION RESULTS

Computer simulations were performed to check and extend the ana-
lytical results of the previous section. Frame length was set to L slots
and tags quantity, n were put into the L time slots. After each experi-
ment, we obtained a triple ¢ and then performed the proposed method.
Finally, we obtained the average results after completing 500 experi-
ments.

A. Tag Estimate

Frame length was set to L = 128 slots in our simulations of this
subsection. Fig. 2 presents tag estimate error against number of tags
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Fig. 2. Simulation results for tag estimate error.

for lower bound [11]-[14], Schoute [10], [13]-[15], idle slot [18], Vogt
[11], [12], [16], [17], MAP estimate [19], Bayesian mean-square esti-
mate in (8), and Bayesian absolute-error estimate in (10). We define the
estimate error € as .

n—mn

x 100%.

(29)
n
Note that for Bayesian posterior-probability estimate in (12), since it is
actually MAP estimate [19] and has the same results as MAP, we do not
give Bayesian posterior-probability estimate results in our simulations.
Fig. 2 shows that the proposed Bayesian mean-square and Bayesian
absolute-error estimate errors are both no more than 4%, a little less
than Vogt estimate. And the two Bayesian estimates have the similar
curves to MAP, while the other three estimates: lower bound, Schoute
and idle slot estimate error is much more than 4% when n > 200.
The estimate error for the improved estimates with low com-
putational complexity and the unimproved estimates is shown in
Fig. 3, where the improved ones are denoted by black-point lines
and the unimproved ones by white-point lines. Fig. 3 shows that the
black-point lines are superposed on the white-point ones. In addition,
the estimate error loss of Vogt estimate from the Bayesian estimates is
0.3% when n > 150, while the loss is more than 2% when n = 50.

Taa estimate errori%}

—— Bayesian mean-square estimate
—0- Bayesian absolute-error estimate
—s— |mproved Bayesian absolute-error estimate

-0- MAP
2 —e— Improved MAP 5
- Vogt
—— Improved Vogt
15 « 1 1 1 1 1
50 100 150 200 250 300 350

Number of tags

Fig. 3. Simulations results for low complexity tag estimate error.
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500 fpesssssssas o e g o 2
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100 i
0 Qaascceesec: PSP B Lt ald R A
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Fig. 4. Simulation results for estimate computational complexity.

The two Bayesian estimates and MAP have the similar curves, where
the loss among them is no more than 0.1% when n > 100.

Fig. 4 shows computational complexity for the improved and unim-
proved estimates, where the computational complexity can also be seen
in Table I. The improved estimates are denoted by dashed lines and
the unimproved ones by solid lines. Compared with the solid lines, the
computational complexity for the dashed lines is reduced more than
300 times.

B. Frame Length

Tag quantity was set to n = 100 in our simulations of this subsec-
tion. An idle, collision and successful slot duration are listed in Table II.
Fig. 5 shows four channel usage efficiency cures under different o and
(3. The maximum channel usage efficiency of the four cures ranges
from the highest to the lowest as follows: 0.8, 0.7, 0.6 and 0.4, which
have the same results as (25)’s theoretical curves in Fig. 1. The re-
sults indicate that when an idle or collision slot duration is less than a
successful slot, the channel usage efficiency can be enhanced. In addi-
tion, these four curves achieve the maximum channel usage efficiency
atn = 100, 170,230 and 100, respectively. Substituting these values
of n into (28) yields k* = 1.0,1.7,2.3 and 1.0, respectively. These
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Fig. 5. Simulation results for Channel usage efficiency.

TABLE II
TIME FOR <@ AND 3

Time (1 s) t, 1 t,
a=0.125, £=0.125 50 50 400
a=0.125, B=0.5 50 200 400
a=0.125, =1 50 400 400
a=1, =1 400 400 400

values of k™ are the same as the theoretical values in Fig. 1. Further-
more, we can see from Fig. 1 that the curves of « = 0.125,5 = 0.5
and o = 0.125,3 = 1 do not achieve the maximum channel usage
efficiency at L = n = 100.

Fig. 6 shows that the average identified time of each tag, where the
average identified time is defined as

ZT L chto + city + ity

t= &= (30)

n

where identifying all tags needs I frame, and to, t; and t,; are 50, 200
and 400 ps, respectively, thus o = 0.125,53 = 0.5. It is seen from
Fig. 6 that the time of L = 1.7n is the least and about from 550 to 555
/s, while the other three curves are about from 565 to 595 pus. Based
on the theoretical curves in Fig. 1, we know that the channel usage
efficiency achieves the maximum at k& = 1.7. Therefore, Fig. 6 can
indicate that, the frame length which guarantees the maximum channel
efficiency can have the least identified time.

VI. CONCLUSION

In this paper, we propose three Bayesian tag estimates for a dynamic
framed slotted aloha RFID system, and improve several estimates to re-
duce computational complexity. Besides, we derive an optimal frame
length scheme, which allows channel usage efficiency achieve max-
imum. From our theoretical derivation and simulation results, we draw
the conclusions as follows.

The three proposed Bayesian estimates, Bayesian mean-square,
Bayesian absolute-error and posterior- probability estimate have much
better estimate performance than lower bound estimate, Schoute esti-
mate and idle slot estimate, a little better than Vogt estimate and similar
to MAP estimate. The improved Bayesian absolute-error estimate,

595 T T T T T

590

585

580

575

570

565

—— |=2.5n

560 - —0— L=3.0n |

Average identified time of each tag(ps)

555 -

550 1 1 1 1 1
50 100 150 200 250 300 350

Number of tags

Fi

=

g. 6. Average tag identified time of each tag for frame length.

MAP estimate and Vogt estimate have less computational complexity
than the unimproved one, but do not reduce estimate performance.

The maximum channel usage efficiency under the condition that an
idle slot duration is less than a collision slot and the collision slot dura-
tion is less than a successful slot, is larger than that under the condition
that the durations of an idle, a collision and a successful slot are iden-
tical or the durations of an collision and a successful slot are identical.
If the durations of an idle, a collision and a successful slot are not iden-
tical, the conventional scheme that the frame length is set to be the tag
quantity would not guarantee the maximum channel usage efficiency.
However, the derived frame length scheme in this paper may guarantee
the maximum one, and have less tags’ identified time than the conven-
tional frame length scheme.
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Long-Term Scheduling for Cascaded Hydro Energy
Systems With Annual Water Consumption
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Abstract—Long-term scheduling for cascaded hydro energy systems is
very important for low carbon energy production. It aims at determining
the water release over a planning horizon to meet water resource require-
ments and the system demands for electric power. The problem is chal-
lenging in view of the complicated and stochastic system dynamics, non-
linear marginal cost, coupled hydraulic constraints, and the large problem
size. In this paper we formulate the long-term scheduling problem of cas-
caded hydro energy systems with annual consumption and release con-
straints as a finite horizon constrained Markov decision process (CMDP),
and develop a new rollout algorithm to optimize the policies. Numerical
results demonstrate the effectiveness and the efficiency of the formulation
and the new algorithm.

Note to Practitioners—Long-term scheduling of cascaded hydro energy
systems is an important planning activity in the reservoir management and
electric industry. This paper formulates a long-term scheduling problem
for cascaded hydro energy systems with annual water consumption and
release constraints as a finite horizon CMDP, and develops a new rollout
algorithm to deal with the large problem size. Motivated by a practical
project on Yellow River in north China, this work has extended applica-
bility since the new algorithm can start with any feasible policies currently
used in practical systems and improve their performance. Numerical re-
sults demonstrate the effectiveness and efficiency of the formulation and
the new algorithm.

Index Terms—Cascaded hydro energy systems, constrained Markov de-
cision process (CMDP), long-term scheduling, rollout algorithm.

[. INTRODUCTION

Long-term scheduling for cascaded hydro energy systems is very
important for low carbon energy production [8], [16]. It aims at deter-
mining the water release over a planning horizon to meet water resource
requirements and the system demands for electric power. Its goal is
to minimize the total energy production cost. Typically, the planning
horizon is one year, and the decision stage is week or bi-weeks.

The long-term scheduling for cascaded hydro energy systems
has been an active research area over the past decades due to its
significant economic impact [8], [16]. It is generally a very difficult
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