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Reducing Credit Re-authorization Cost in
UMTS Online Charging System

Sok-Ian Sou, Yi-Bing Lin, Fellow, IEEE, and Jeu-Yih Jeng

Abstract—During an online charging General Packet Radio
Service (GPRS) session, a number of mid-session events, such as
changes of Quality of Service (QoS), could dynamically affect the
rating of the in-progress service. When such events occur, the
GPRS support node needs to re-authorize the granted credit units
with the Online Charging System (OCS). This paper proposes
a threshold-based scheme that utilizes a threshold parameter
δ to reduce the signaling traffic for the credit re-authorization
procedure. By selecting an appropriate δ value, the signaling
overhead in the OCS can be significantly reduced while the
inaccuracy of the credit information insignificantly increases. The
mobile operator can choose appropriate parameter values in the
threshold-based scheme based on our study.

Index Terms—Credit reservation, streaming services, online
charging system (OCS), UMTS.

I. INTRODUCTION

UNIVERSAL Mobile Telecommunications System
(UMTS) supports real-time IP multimedia services

through IP Multimedia Subsystem (IMS) and General Packet
Radio Service (GPRS) transport network which consists
of GPRS Support Nodes (GSNs) such as Serving GSNs
(SGSNs) and Gateway GSNs (GGSNs) [7]. The IP-based
GPRS/IMS services specify critical charging requirements
that impose flexible mobile billing schemes (e.g., time-based,
volume-based, content-based) [3], [4], [11]. Therefore, 3GPP
Release 6 introduces the convergent charging solution that
elaborates on an IP-based Online Charging System (OCS) [1],
[2].

The Diameter Credit Control protocol is used for communi-
cations between the GGSN and the OCS [2]. To start an online
GPRS session, the GGSN first sends a Credit Control Request
(CCR) to the OCS. The OCS determines the rating and then
allocates the granted credit units (based on the charge for time
units or data volume units) to the GGSN by sending the Credit

Manuscript received April 16, 2007; accepted July 5, 2007. The associate
editor coordinating the review of this paper and approving it for publication
was S. Shen. This work was sponsored in part by NSC Excellence project NSC
95-2752-E-009-005-PAE, NSC 95-2218-E-009-201-MY3, NSC 95-2221-E-
009-024, NSC 95-2219-E-009-010, NSC 95-2219-E-009-019, Intel, Chung
Hwa Telecom, IIS/Academia Sinica, ITRI/NCTU Joint Research Center and
MoE ATU.

S.-I. Sou is with the Department of Electrical Engineering, Na-
tional Cheng Kung University, Tainan 701, Taiwan, R.O.C. (e-mail:
sisou@mail.ncku.edu.tw). The work of S.-I. Sou was supported by the Media
Tek Fellowship.

Y.-B. Lin is with the Department of Computer Science, Na-
tional Chiao Tung University, Hsinchu 30010, Taiwan, R.O.C. (e-mail:
liny@csie.nctu.edu.tw). Y.-B. Lin is also with the Institute of Information
Science, Academia Sinica, Nankang, Taipei, Taiwan.

J.-Y. Jeng is with the Information Technology Laboratory of Telecom-
munication Laboratories, Chunghwa Telcom Co., Ltd., R.O.C. (e-mail: jy-
jeng@cht.com.tw).

Digital Object Identifier 10.1109/TWC.2008.070403.

GGSN SBCF ABMF

1. CCR (INITIAL_REQUEST, QoS i)

3.1 ABMF Request

A QoS change occurs

Rating 
Function

Online Charging System

4. CCA (INITIAL_REQUEST)

2.1 Tariff Request (QoS i)

2.2 Tariff Response

3.2 ABMF Response

5. CCR (UPDATE_REQUEST, QoS j)

7.1 ABMF Request

8. CCA (UPDATE_REQUEST)

6.1 Tariff Request (QoS j)

6.2 Tariff Response

7.2 ABMF Response

9. CCR (TERMINATE_REQUEST)

11. CCA (TERMINATE_REQUEST)

10.1 ABMF Request

10.2 ABMF Response

a c b

Fig. 1. Message flow for credit re-authorization procedure.

Control Answer (CCA). During the GPRS session, a number
of mid-session events, such as change of Quality of Service
(QoS) or change of SGSN, could dynamically affect the rating
of the in-progress service. When such events occur, the GGSN
needs to re-authorize the granted credit units . If the change
of QoS occurs frequently, the signaling load incurred by the
re-authorization procedure will increase heavily. This paper
proposes a cost reduction method for credit re-authorization
procedure and conducts both simulations and analytic models
to evaluate the performance of the proposed method.

II. ONLINE CHARGING SYSTEM FOR GPRS SESSIONS

In the OCS, the Session Based Charging Function (SBCF;
Fig. 1 (a)) is responsible for online charging of network
bearer and user sessions [1]. Through the Rc reference point,
the SBCF interacts with the Account Balance Management
Function (ABMF; Fig. 1 (b)) to query and update the user’s
account. The ABMF keeps the subscriber’s account data and
controls the account balance. At the time of writing, the
message exchanges in the Rc reference point are not defined.
In this paper, we use ABMF Request and ABMF Response to
represent the message exchanges between SBCF and ABMF.
The Rating Function (Fig. 1 (c)) handles a wide variety of
rateable instances such as data volume and session connection
time. By exchanging the Diameter Tariff Request/Response
and the Price Request/Response message pairs, the SBCF
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interacts with the Rating Function to determine the price and
tariff of the requested service.

A. Credit Re-authorization Procedure

Consider a scenario where a mobile user is viewing a
streaming video through the GPRS network. The streaming
services are charged according to the amount of time units
and the related QoS provisioned (i.e., the bandwidth allocated
to the bearer session). Due to user mobility between different
UMTS coverage ares, and depending on the work load of
the radio network, the QoS of the streaming session may
change from time to time. In terms of bandwidth allocated,
assume that there are N QoS classes for the GPRS bearer
session. For 1 ≤ i ≤ N , let αi be the number of credit units
charged for every time unit in a class i session. In each credit
reservation, the OCS grants αiτg credit units (which can last
for τg time units) to the GGSN for the streaming session. Note
that the bandwidth allocated to a class i session is typically
proportioned to the charge (i.e., αi). Whenever the QoS of the
GPRS bearer changes, the credit re-authorization procedure
illustrated in Fig. 1 is executed with the following steps.

Step 1. The GGSN sends the INITIAL REQUEST CCR mes-
sage to the OCS. This message indicates the QoS param-
eter (e.g., QoS class i) of the session.

Step 2. When the OCS receives the CCR message, the SBCF
sends the Tariff Request message, including the
QoS parameter in the Service-Information field, to the
Rating Function. The Rating Function replies with the
Tariff Response message to indicate the applicable
tariff αi of this session [1].

Step 3. Based on the received tariff information, the SBCF
grants αiτg credit units to the session and reserves αiτg

credit units in the subscriber’s account by exchanging the
ABMF Request and Response message pair with the
ABMF.

Step 4. After the reservation is performed, the OCS acknowl-
edges the GGSN with the CCA message including the
granted credit units (αiτg) and the trigger event type (i.e.,
“CHANGE IN QOS”). This message indicates that the
GGSN should trigger credit re-authorization procedure
when the QoS change occurs. Then, the GGSN starts the
streaming service.

Step 5. When the serving QoS of the session is changed from
class i to class j (because, e.g., the mobile user moves
to another base station with different bandwidth capac-
ity), the credit re-authorization procedure is executed.
The GGSN suspends service delivery and sends a UP-
DATE REQUEST CCR message to the OCS. This CCR
message includes the Reporting-Reason field with value
“RATING CONDITION CHANGE” and the Trigger-
Type field with value “CHANGE IN QOS”. The GGSN
also reports that αi(τg − τu) credit units have been
consumed and requests new credit units based on the QoS
parameter (i.e., QoS class j).

Step 6. Upon receipt of the CCR message from the GGSN,
the SBCF calculates the remaining credit units for the
bearer session and revaluates the rating by exchang-
ing Tariff Request and Response messages. The

Tariff Response message includes the new tariff αj

of the session.
Step 7. Based on the old tariff αi and new tariff αj of the

bearer session, the SBCF debits αi(τg − τu) credit units
and then reserves extra αjτg credit units with the ABMF.

Step 8. The OCS acknowledges the GGSN with the CCA
message to indicate that αjτg credit units have been
reserved (which lasts for τg time units). The GGSN
resumes the service delivery. Note that Steps 5-8 may
be repeated whenever the QoS is changed or when the
allocated credit units are depleted.

Steps 9-11. When the video streaming service is complete,
the GGSN terminates the session. The GGSN reports the
used credit units to the OCS by sending the TERMI-
NATE REQUEST CCR message. The SBCF calculates
the consumed credit units and instructs the ABMF to
debit the user account. Finally, the OCS acknowledges
the GGSN with a CCA message.

For the discussion purpose, the above re-authorization proce-
dure (i.e., Steps 6 and 7) is referred to as the “basic” scheme.

B. Threshold-based Scheme for Credit Re-authorization Pro-
cedure

In the basic scheme, the ABMF message exchanges (see
Step 7 in Fig. 1) can be omitted if the remaining credit units
are large enough to accommodate the new reservation. Based
on this observation, we propose a “threshold-based” scheme
that utilizes a threshold parameter δ to reduce the signaling
cost incurred by the re-authorization procedure between the
SBCF and the ABMF. In this scheme, the SBCF determines
whether to interact with the ABMF or not based on δ as
follows:
Step 1. As described in Step 6 of Fig. 1, the SBCF retrieves

the old tariff αi and new tariff αj for the bearer session
from the Rating Function.

Step 2a. If αiτu ≥ δαjτg , the SBCF directly allocates αiτu

credit units to the GGSN. The ABMF message exchange
(i.e., Step 7 in Fig. 1) is skipped.

Step 2b. Otherwise (i.e., αiτu < δαjτg), the SBCF allocates
αjτg credit units to the GGSN by executing Step 7 in
Fig. 1. That is, the SBCF debits αi(τg − τu) credit units
to the ABMF and reserves αjτg credit units.

In the OCS, a mobile operator (or a user) can check the
account balance at anytime. When there is no in-progress
session, the OCS accurately reports the account balance of
the user. On the other hand, when credit units are reserved for
some in-progress sessions, the account balance reported by
the OCS may not be up-to-date because some reserved credit
units might already be used. When a “balance check” occurs,
the OCS reports the account balance including the reserved
credit units. This reported value may be larger than the actual
balance. Denote C as the inaccuracy of credit information,
which is the difference between the balance stored in the OCS
(including the reserved credit units) and the actual balance
(excluding the credit units already consumed by the GGSN). In
other words, C is the amount of credit consumed by the GGSN
between when the previous ABMF message exchange occurs
and when the balance check occurs. In the threshold-based
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scheme, the inaccuracy of credit information C may be larger
than the basic scheme because it skips some ABMF message
exchanges. Therefore, it is important to select appropriate τg

and δ values to optimize the performance of the threshold-
based scheme in terms of the following output measures:

• M : the expected number of ABMF message exchanges
for a GPRS session. The larger the M value, the higher
the ABMF message overhead.

• C: the expected inaccuracy of credit information when a
balance check occurs during an in-progress session. It is
apparent that the smaller the C value, the more accurate
the account balance reported by the OCS.

In this paper, the above output measures are subscripted with
“B” and “T” (i.e., MB/CB , and MT /CT ) to represent the
basic scheme and the threshold-based scheme, respectively.

III. ANALYTIC MODELING

This section describes an analytic model for the basic
scheme and the threshold-based scheme. Assume that there
are N QoS classes. We make the following assumptions:

• A GPRS session starts with QoS class i (1 ≤ i ≤ N )
with probability 1/N .

• When a QoS change occurs, an in-progress session either
terminates (with probability p0) or switches to another
QoS class with probability 1−p0

N−1 .
• For 1 ≤ i ≤ N , let αi be the amount of credit charged for

each time unit in a QoS class i session. For each credit
reservation (through the ABMF message exchange), the
SBCF reserves αiτg credit units in the ABMF, and then
grants these credit units (which lasts for τg time units) to
the GGSN, where τg is an exponential random variable
with mean 1/μ. Fixed τg will be considered in the
simulation experiments later.

• Suppose that the QoS changes partition the streaming
session into several subsessions, where xn is the holding
time of the n-th subsession. We assume that xn is
independent and identically distributed (i.i.d.) exponential
random variable with mean E[xn] = 1/λ.

In our previous study [9], the output measures for the basic
scheme were derived as

MB = μ+λ
p0λ and CB =

[
1

N(μ+λ)

] (∑N
i=1 αi

)
(1)

To analytically model the threshold-based scheme, we as-
sume that δ = 0 and p0 → 0 such that the stationary behavior
for the ABMF message exchanges during a subsession can
be observed. For p0 → 0, it is clear that the output measure
MT → ∞. Therefore, we shall derive the expected number
mT of the ABMF message exchanges for a subsession. This
new measure will be used to partially validate our simulation
model. Then we will use the simulation experiments to investi-
gate MT in Section IV. To simplify our discussion, the number
of QoS classes is restricted to N = 2. These two QoS classes
represent the low and the high bandwidth classes, respectively.
The analytic model can be directly extended for N > 2.

A. Derivation for mT

The number mT of the ABMF message exchanges in a
subsession is determined by two factors: (i) the QoS class of

n-th subsession 
starts (with QoS 

class 1)

Time

xn+1

A QoS change occurs

ABMF message 
exchange occurs

An ABMF message exchange occurs
Zn+1=(1,2)
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starts (with QoS 
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starts (with QoS 
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In+1=1, Jn+1=2 In+2=1, Jn+2=1

tn tn+1rnt τ−+1
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tn+2

rτ),( jiτ

Fig. 2. Timing diagram for the threshold-based scheme.

the subsession and (ii) the remaining credits left at the end
of the previous subsession. Consider the timing diagram in
Fig. 2, where the n-th subsession starts at tn. Let Jn be the
QoS class of the n-th subsession. Since N = 2, a GPRS bearer
session consists of subsessions with QoS class 1 and class 2
alternatively. Suppose that during subsession n, the granted
credit units are depleted, and an ABMF message exchange
occurs at tn+1 − τr (note that if tn < tn+1 − τr as illustrated
in Fig. 2, the QoS class is not changed). At tn+1, the n + 1-
st subsession starts and the QoS class is changed from Jn to
Jn+1. At tn+1, the SBCF retrieves the new tariff (i.e., α2) from
the Rating Function. Following the threshold-based scheme for
δ = 0, the SBCF directly assigns the remaining credit units
to the new subsession without interacting with the ABMF.
Suppose that the remaining credit units are not depleted in
subsession n + 1. Therefore, no ABMF message exchange
occurs during [tn+1, tn+2]. At tn+2, the n + 2-nd subsession
starts and the QoS is changed to Jn+2 = 1.

For every Jn, we define a corresponding random variable
In that represents the QoS class of the subsession immedi-
ately before the last ABMF message exchange occurs. When
subsession n starts, the amount of credit units left is affected
by In. Define Zn = (In, Jn) as a two dimensional random
variable. It is clear that the process {Zn, n ≥ 1} is a Markov
chain.

Let π(i,j) = limn→∞ Pr[Zn = (i, j)] be the stationary
distribution of the Markov chain, where i, j ∈ {1, 2}. Since
the subsession holding time xn is exponentially distributed,
the QoS change occurrences form a Poisson stream. From
Poisson Arrival See Time Average (PASTA) [5], π(i,j) also
represents the proportion of time that the subsession resides
in state (i, j). Let m(i,j) be the expected number of ABMF
message exchanges for a subsession in state (i, j). Then mT

can be computed as

mT =
∑

i,j∈{1,2} m(i,j)π(i,j) (2)

Assume that the Markov chain moves from state (1, 2) to state
(1, 1) with transition probability pa, and moves from state
(2, 1) to state (2, 2) with transition probability pb. Based on
Fig. 3, the limiting probabilities are derived as

π(1,1) = pa/ [1 + pa + (1 − pa)(1 + pb)/(1 − pb)]
π(1,2) = 1/ [1 + pa + (1 − pa)(1 + pb)/(1 − pb)]
π(2,1) = 1/ [1 + pb + (1 − pb)(1 + pa)/(1 − pa)]
π(2,2) = pb/ [1 + pb + (1 − pb)(1 + pa)/(1 − pa)]

⎫⎪⎪⎬
⎪⎪⎭ (3)

pa and pb in (3) are derived as follows: Let αiτu be the credit
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Fig. 3. Probability transition diagram (N = 2).

units left at the end of the previous subsession. As illustrated
in Fig. 2, suppose that the current subsession is in state (i, j)
and are granted αjτ(i,j) credit units, where

τ(i,j) = αiτu/αj (4)

The subsession holding time xn = tn+1− tn = τ(i,j) + τr has
the density function

fx(xn) = λe−λxn (5)

From (4), pa and pb can be expressed as

pa = Pr[τ(1,2) > xn] = Pr[α1τu/α2 > xn]
pb = Pr[τ(2,1) > xn] = Pr[α2τu/α1 > xn]

}
(6)

Since τg is exponentially distributed with rate μ, and from
the memoryless property [8], τu is also exponential distributed
with the density function

fu(τu) = μe−μτu (7)

Let α̂ = α2/α1, then τ(1,2) = τu/α̂ and τ(2,1) = α̂τu. From
(5)-(7), the transition probability pa is derived as

pa = Pr[τu/α̂ > xn] = λ/(λ + α̂μ) (8)

Similarly, the transition probability pb is derived as

pb = Pr[α̂τu > xn] = α̂λ/(α̂λ + μ) (9)

Substituting (8) and (9) into (3), π(i,j) is re-written as

π(1,1) = λ
2(λ+α̂μ+α̂2λ) , π(2,1) = α̂(α̂λ+μ)

2(λ+α̂μ+α̂2λ)

π(1,2) = λ+α̂μ
2(λ+α̂μ+α̂2λ) , π(2,2) = α̂2λ

2(λ+α̂μ+α̂2λ)

}
(10)

m(i,j) in (2) is derived as follows: For i = j, where τ(i,i) = τu

is exponentially distributed with rate μ. When αiτ(i,i) credit
units are depleted, an ABMF message exchange occurs and
the SBCF grants another αiτg credit units to the subsession.
Therefore, the ABMF message arrivals during a subsession
period xn are a Poisson stream with rate μ. By Little’s
formula [5], m(i,i) is expressed as

m(i,i) = μE[xn] = μ/λ (11)

m(2,1) is derived as follows: As shown in Fig. 2, assume that
the credit units α1τ(2,1) are depleted at time tn+1 − τr. From
the memoryless property [8], τr is also exponential distributed
with mean E[τr ] = 1/λ. In period τr, the ABMF message
arrivals are a Poisson stream with rate μ. From the Little’s
formula, the expected number of ABMF message exchanges
is 1 + μE[τr]. Since the probabilities that no ABMF message
exchange in subsession n (i.e., Zn+1 = (2, 2)) or at least one
ABMF message exchange occurs during subsession n (i.e.,

n-th 
subsession
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Fig. 4. Timing diagram for deriving CT .

Zn+1 = (1, 2)) are denoted as pb and 1 − pb, respectively.
Therefore, m(2,1) is expressed as

m(2,1) = μ(μ+λ)
λ(α̂λ+μ) (12)

Similarly,

m(1,2) = α̂μ(μ+λ)
λ(λ+α̂μ) (13)

Substituting (10)-(13) into (2) to yield

mT = 2α̂λμ+μ(λ+2α̂μ+α̂2λ)
2λ(λ+α̂μ+α̂2λ)

(14)

B. Derivation for CT

This subsection derives the inaccuracy of credit information
CT in the threshold-based scheme. In Fig. 4, an ABMF
message exchange occurs at t∗1 in subsession n. Suppose that
the granted credit units are consumed at t∗2 in subsession
n+na. Note that if na = 0, two consecutive ABMF message
exchanges occur in subsession n. In [t∗1, t

∗
2], a balance check

occurs at tB in subsession n + k, where 0 ≤ k ≤ na. Let
K be the QoS class of the session at t∗1 and CT,i be the CT

value under the condition that K = i. By considering whether
K = 1 or K = 2, we can express CT consumed in [t∗1, tB] as

CT =
∑2

i=1 CT,i Pr[K = i] (15)

Pr[K = i] can be derived in the following four situations.
Situation I: Zn+k = (1, 1). In this case, whether an ABMF

message exchange occurs in subsession n + k or not, we
have K = 1.

Situation II: Zn+k = (2, 1). Since the balance check is a
random observer of subsession n+k, and from the reverse
residual life theorem [8], tB − tn+k is also exponential
distributed with rate λ. Therefore, the probability that
no ABMF message occurring in period [tn+k, tB] (i.e.,
K = 2) is pb. On the other hand, if any ABMF message
occurs in period [tn+k, tB], we have K = 1 (with
probability 1 − pb).

Situation III: Zn+k = (1, 2). Similar to Situation II, we
have K = 1 and K = 2 with probability pa and 1 − pa,
respectively.

Situation IV: Zn+k = (2, 2). Similar to Situation I, we have
K = 2 with probability 1.

Let π(i,j) be the probability that when a random observer
arrives (i.e., the balance check occurs) at tB , and the n+k-th
subsession is in state (i, j). Based on the above discussion,
and from (8)-(10), we have

Pr[K = 1] = 2λ+α̂μ
2(λ+α̂μ+α̂2λ)

Pr[K = 2] = 2α̂2λ+α̂μ
2(λ+α̂μ+α̂2λ)

}
(16)
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In (15), CT,i is derived as follows: As illustrated in Fig. 4,
τr = tn+1− t∗1. From the memoryless property [8], τr has the
density function

fr(τr) = λe−λτr (17)

In Fig. 4, the remaining granted credit units at t∗1 lasts for
τa,1 time units. Similarly, the remaining granted credit units
at tn+l−1 (2 ≤ l ≤ na + 1) can last for τa,l time units, where

τa,l =
{

t∗2 − t∗1 , l = 1
t∗2 − tn+l−1 , 2 ≤ l ≤ na + 1

Let τd,l =
{

min(τr , τa,1) , l = 1
min(xn+l−1, τa,l) , 2 ≤ l ≤ na + 1

Assume that a balance check occurs at tB in subsession n+
k. Let y = tB −max(t∗1, tn+k), then tB − t∗1 =

∑k
l=1 τd,l +y.

Denote Pi,k as the probability that exactly k QoS changes
occur in [t∗1, tB] under the condition that K = i. Let αi,l =
α(i+l mod 2)+1 for i ∈ {1, 2}, CT,i can be expressed as

CT,i =
∑∞

k=0 Pi,k

{∑k
l=1 αi,lE[τd,l|K = i, tn+l < t∗2]

+αi,k+1E[y|K = i, tn+k < tB < tn+k+1]} (18)

In (18), E[τd,l|K = i, tn+l < t∗2] is derived as follows: For
K = i, let fi,l(τa,l) be the density function of τa,l. We have

f1,l(τa,l) =
{

μe−μτa,l , l is odd
α̂μe−α̂μτa,l , l is even

f2,l(τa,l) =
{

μe−μτa,l , l is odd
μ
α̂e−

μ
α̂ τa,l , l is even

⎫⎪⎪⎬
⎪⎪⎭ (19)

Eq. (19) is explained as follows: For K = i and when l is odd,
subsession n + l − 1 is served with QoS class i. Therefore,
fi,l(τa,l) is exponentially distributed with rate μ. When l is
even, subsession n + l − 1 is served with QoS classes 2 and
1 for K = 1 and K = 2, respectively. Therefore, fi,l(τa,l) is
exponentially distributed with rates α̂μ and μ/α̂, respectively.
From (17) and (19), E[τd,1|K = i, tn+1 < t∗2] is derived as

E[τd,1|K = i, tn+1 < t∗2]
= E[τr|τr < τa,1, K = i]

=
∫ ∞

τr=0 τrfr(τr)
∫ ∞

τa,1=τr
fi,1(τa,1)dτa,1dτr∫ ∞

τr=0 fr(τr)
∫ ∞

τa,1=τr
fi,1(τa,1)dτa,1dτr

(20)

For l ≥ 2, and from (5) and (19), E[τd,l|K = i, tn+l < t∗2]
can be derived as (21). Combining (20) and (21), E[τd,l|K =
i, tn+l < t∗2] can be expressed as

E[τd,l|K = i, tn+l < t∗2]

=

⎧⎨
⎩

1/(λ + μ) , l is odd
1/(λ + α̂μ) , K = 1 and l is even
1/(λ + μ/α̂) , K = 2 and l is even

(22)

In (18), E[y|K = i, t∗1 < tB < tn+1] and E[y|K = i, tn+k <
tB < tn+k+1] are derived as follows: Since the balance check
is a random observation point of τd,k+1, and from reverse
residual life theorem for the exponential random variables [8],
E[y|K = i, max(t∗1, tn+k) < tB < tn+k+1] = E[τd,k+1]. If
t∗1 < tB < tn+1, we have

E[y|K = i, t∗1 < tB < tn+1]
=

∫ ∞
τa,1=0 τa,1fi,1(τa,1)

∫ ∞
τr=τa,1

fr(τr)dτrdτa,1

+
∫ ∞

τr=0
τrfr(τr)

∫ ∞
τa,1=τr

fi,1(τa,1)dτa,1dτr (23)

For tn+k < tB < tn+k+1, we have (24). Combining (23)
and (24), E[y|K = i, max(t∗1, tn+k) < tB < tn+k+1] can be
derived as

E[y|K = i, max(t∗1, tn+k) < tB < tn+k+1]
= E[τd,k+1|K = i]

=

⎧⎨
⎩

1/(λ + μ) , k is even
1/(λ + α̂μ) , K = 1 and k is odd
1/(λ + μ/α̂) , K = 2 and k is odd

(25)

To derive Pi,k in (18), we consider [t∗1, t
∗
2] as a renewal

interval and define a continuous-time stochastic process Δ(t),
where

Δ(t) =

⎧⎨
⎩

1 , t∗1 ≤ t < tn+1

l , tn+l−1 ≤ t < tn+l and 2 ≤ l ≤ na

na + 1 , tn+na ≤ t < t∗2

Therefore, Pi,k = Pr[Δ(tB) = k + 1|K = i]. In Fig. 4,
t∗2 > tn+k and the length of time such that Δ(t) = k + 1
is τd,k+1. Since tB is uniformly distributed over [t∗1, t

∗
2], and

from the alternating renewal theory [8], Pi,k is computed as

Pi,k =
Pr[t∗2 > tn+k|K = i]E[τd,k+1|K = i]

E[t∗2 − t∗1|K = i]
(26)

From (5), (17) and (19), Pr[t∗2 > tn+k|K = i] in (26) is
derived as

Pr[t∗2 > tn+k|K = i]
= Pr[τa,1 > τr|K = i]

∏k
l=2 Pr[τa,l > xn+l−1|K = i]

=

{
λk

(λ+μ)�k/2�(λ+α̂μ)�k/2� , K = 1
λk

(λ+μ)�k/2�(λ+μ/α̂)�k/2� , K = 2
(27)

In Fig. 4, t∗2−t∗1 =
∑na+1

l=1 τd,l. Therefore, the expected length
of renewal interval [t∗1, t

∗
2] can be computed as

E[t∗2 − t∗1|K = i]
=

∑∞
l=1 Pr[t∗2 > tn+l−1|K = i]E[τd,l|K = i] (28)

Following the derivation for (27), we have

Pr[t∗2 > tn+l−1|K = i]

=

{
λl−1

(λ+μ)�(l−1)/2�(λ+α̂μ)�(l−1)/2� , K = 1
λl−1

(λ+μ)�(l−1)/2�(λ+μ/α̂)�(l−1)/2� , K = 2
(29)

Following the derivation for (23)-(25), we have

E[τd,l|K = i] =

⎧⎨
⎩

1/(λ + μ) , l is odd
1/(λ + α̂μ) , K = 1; l is even
1/(λ + μ/α̂) , K = 2; l is even

(30)

Then, E[t∗2 − t∗1|K = i] can be obtained by substituting (29)
and (30) into (28).

From (25) and (27), (26) is derived as (31). Finally, by
substituting (22), (25) and (31) in (18), CT,i is obtained and
CT can be computed from Eqs. (15), (16) and (18).

The analytic model developed in this section is used to val-
idate against the simulation experiments. The input parameter
τg and the output measures CB and CT are normalized by the
mean 1/λ of the subsession holding time. The discrepancies
between analytic analysis (specifically, Eqs. (1), (14) and (15))
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E[τd,l|K = i, tn+l < t∗2] = E[xn+l−1|xn+l−1 < τa,l, K = i]

=
∫ ∞

xn+l−1=0 xn+l−1fx(xn+l−1)
∫ ∞

τa,l=xn+l−1
fi,l(τa,l)dτa,ldxn+l−1∫ ∞

xn+l−1=0 fx(xn+l−1)
∫ ∞

τa,l=xn+l−1
fi,l(τa,l)dτa,ldxn+l−1

(21)

E[y|K = i, tn+k < tB < tn+k+1] =
∫ ∞

xn+k=0 xn+kfx(xn+k)
∫ ∞

τa,k+1=xn+k
fi,k+1(τa,k+1)dτa,k+1dxn+k

+
∫ ∞

τa,k+1=0 τa,k+1fi,k+1(τa,k+1)
∫ ∞

xn+k=τa,k+1
fx(xn+k)dxn+kdτa,k+1 (24)

P1,k =

⎧⎪⎨
⎪⎩

[
1

λ+μ + λ
(λ+μ)(λ+α̂μ)

]−1 [
1 − λ2

(λ+μ)(λ+α̂μ)

] [
λk

(λ+μ)�k/2�(λ+α̂μ)�k/2�+1

]
, k is odd[

1
λ+μ + λ

(λ+μ)(λ+α̂μ)

]−1 [
1 − λ2

(λ+μ)(λ+α̂μ)

] [
λk

(λ+μ)�k/2�+1(λ+α̂μ)�k/2�

]
, k is even

P2,k =

⎧⎪⎨
⎪⎩

[
1

λ+μ + λ
(λ+μ)(λ+μ/α̂)

]−1 [
1 − λ2

(λ+μ)(λ+μ/α̂)

] [
λk

(λ+μ)�k/2�(λ+μ/α̂)�k/2�+1

]
, k is odd[

1
λ+μ + λ

(λ+μ)(λ+μ/α̂)

]−1 [
1 − λ2

(λ+μ)(λ+μ/α̂)

] [
λk

(λ+μ)�k/2�+1(λ+μ/α̂)�k/2�

]
, k is even

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

(31)

and simulation are within 1%. The simulation model follows
the discrete event approach described in [6], and the details
are omitted.

IV. NUMERICAL EXAMPLES

This section uses simulation experiments to investigate the
performance of the credit re-authorization procedure. In the
simulation, the granted time units τg is a fixed value and the
performance is investigated by the following output measures:

• MB and MT represent the numbers of ABMF mes-
sage exchanges performed by the basic scheme and the
threshold-based scheme, respectively. The smaller the
MT /MB value, the better the threshold-based scheme.

• CB and CT represent the inaccuracies of the credit infor-
mation reported by the basic scheme and the threshold-
based scheme, respectively. The larger the CT /CB value,
the larger the inaccuracy of the account balance reported
by the threshold-based scheme.

Effects of the granted time units τg . Fig. 5 plots MT /MB

and CT /CB against the threshold parameter δ and the granted
time units τg , where N = 2, α2 = 2α1 and p0 = 0.01.
Fig. 5 shows the trivial result that MT /MB is a decreasing
function of τg , and CT /CB is an increasing function of τg . The
non-trivial result is that when τg ≤ 5/λ, the threshold-based
scheme significantly reduces the ABMF signaling overhead
while the inaccuracy of the credit information insignificantly
increases.
Effects of the threshold parameter δ. Fig. 6 plots M and C
against the threshold parameter δ, where N = 2, α2 = 2α1

and p0 = 0.01. The output measures for the basic scheme
are not affected by δ. For the threshold-based scheme, MT

increases and CT decreases as δ increases. When δ is large, the
basic scheme and the threshold-based scheme have the same
performance. In Fig. 6, the performance of the threshold-based
scheme is similar to that of the basic scheme when δ ≥ 2.5.

Fig. 6 (b) quantitatively indicates how δ and τg affect C.
In the OCS, the guideline for selecting the granted time units

(a) Effect on MT /MB (b) Effect on CT /CB

Fig. 5. Effects of τg (N = 2, α2 = 2α1 and p0 = 0.01)

τg can be found in [10]. When a specific τg is selected, for
example, τg = 5/λ, we observe that CB = 0.29τg in the basic
scheme. If the mobile operator can tolerate a larger inaccuracy
of the credit information, e.g., C ≤ 0.5τg, then we can choose
δ = 1 in the threshold-based scheme. In this case, CT =
0.43τg and M is decreased by 46.45% as compared with the
basic scheme.

Also, as described in [9], p0 and N only have insignificant
effects on MT /MB and CT /CB . The details are omitted.

V. CONCLUSIONS

This paper studied Online Charging System (OCS) in
UMTS. We proposed a threshold-based scheme with param-
eter δ to reduce the traffic signaling for the OCS credit re-
authorization procedure. An analytic model is developed to
investigate the performance on the basic scheme [9] and our
proposed threshold-based scheme. Basically, the threshold-
based scheme reduces the number M of ABMF message
exchanges during a session at the cost of increasing the
inaccuracy of credit information C when a balance check
occurs. These two conflicting output measures are affected
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(b) Effect on C

Fig. 6. Effects of δ (N = 2, α2 = 2α1 and p0 = 0.01)

by the threshold parameter δ and the granted time units τg .
We make the following observations, where the subscripts “B”
and “T” in the output measures M and C represent the basic
scheme and the threshold-based scheme, respectively.

• The ratio MT /MB is a decreasing function of τg , and the
ratio CT /CB is an increasing function of τg . When τg is
small, the threshold-based scheme significantly reduces
the ABMF signaling overhead while the inaccuracy of
the credit information insignificantly increases.

• As the threshold parameter δ increases, MT increases and
CT decreases. When δ is large, the basic scheme and the
threshold-based scheme have the same performance.

Based on the above discussion, the mobile operator can select
the appropriate δ and τg values for various traffic conditions
based on our model.
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