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A Novel Scheme Using the Information of
Departure Processes for Delay Guarantees of

Distributed VBR Traffic
Zhi-Ren Chang, I-Chung Lee, Cheng-Shang Chang, Chien-Hsin Li, and Ben-Li Sui

Abstract—In this paper, we consider the problem of providing
delay guarantees in a distributed environment, e.g., a wireless net-
work or a cable network. In a distributed environment, the infor-
mation of the arrival process is, in general, not available to the net-
work. Due to the lack of such information, traffic regulators and
scheduling policies discussed in the literature cannot be directly
applied. To cope with the problem, we propose a distributed traffic
regulator (DTR) that uses the information of the departure process.
Based on such DTRs, we propose the distributed earliest deadline
first (DEDF) scheduling policy. For the DEDF scheme, we derive
an admission-control criterion and show that the maximum delay
can be guaranteed if the criterion is satisfied.

Index Terms—Admission control, distributed systems, sched-
uling, traffic regulation.

I. INTRODUCTION

FUTURE wireless networks are expected to provide a
wide variety of services through high data rate wireless

links. Several classes of services, ranging from voice to data
and multimedia services, are currently being standardized (see
e.g., [19], [20]). The problem of providing quality-of-service
(QoS) guarantees in a distributed environment, such as wire-
less networks and cable networks, has become an important
research problem. Traditionally, such a problem is treated with
peak rate allocation, such as R-ALOHA in [3] and PRMA in
[15]. Peak rate allocation is most suitable for constant-bit-rate
(CBR) traffic and may not be efficient for variable-bit-rate
(VBR) traffic. On the other hand, scheduling policies that are
efficient for VBR traffic in a centralized environment, such as
first-come first-served (FCFS), earliest deadline first (EDF),
static priority (SP), virtual clock (VC) [24], packetized general-

Manuscript received January 9, 1998; revised February 6, 2000; approved by
IEEE/ACM TRANSACTIONS ON NETWORKING Editor S. Tripathi. This work was
supported in part by the National Science Council, Taiwan, R.O.C., under Con-
tract NSC-89-2213-E007-127, by the Institute for Information Industry (III),
Taiwan, R.O.C., under the “Real-time video transmissions in wireless networks”
Contracty, and by the program for promoting academic excellence of universi-
ties 89-E-FA04-1-4.

Z.-R. Chang is with the Winbond Electronics Corp., Science-Based Industrial
Park, Hsinchu, Taiwan, R.O.C. (e-mail: cjchang2@winbond.com.tw).

I-C. Lee and C.-S. Chang are with the Department of Electrical Engineering,
National Tsing Hua University, Hsinchu 30013 Taiwan, R.O.C. (e-mail:
iclee@gibbs.ee.nthu.edu.tw; cschang @ee.nthu.edu.tw).

C.-H. Li is with the PRIMAX Electronics Ltd., Neihu 114, Taipei, Taiwan,
R.O.C. (e-mail: james.lee@primax.com.tw).

B.-L. Sui is with the Institute for Information Industry, 5FL, Taipei, Taiwan,
R.O.C. (e-mail: sbli@netrd.iii.org.tw).

Publisher Item Identifier S 1063-6692(01)06845-5.

ized processor sharing (PGPS) [18], and service curve earliest
deadline first (SCED) [11], [21], are difficult to implement
in a distributed environment, as they all need the information
of packet arrival times. Such information is, in general, not
available in a distributed environment without explicitly and
constantly exchanging information. As information exchange
consumes bandwidth, it is essential to execute information
exchange efficiently in order to provide QoS guarantees for
VBR traffic in a distributed environment.

In [7], a polling scheme with nonpreemptive priority (PNP)
is proposed for providing quality of service (QoS) guarantees
for CBR and VBR traffic in a distributed environment. There,
they considered the up-link of a multiple access channel coor-
dinated by a system controller, called base station (or head-end
controller). The PNP scheme is a polling token-based priority
scheme, where the priority of polling tokens is assigned in the
order of CBR sources, VBR sources, and nonrealtime traffic.
The base station sends out polling tokens to the sources. Packets
are sent to the base station only when polling tokens are re-
ceived. There are three major drawbacks for such a scheme.

1) As it is a priority scheme, it suffers from the drawback of
fairness for homogeneous sources. Homogeneous sources
do not receive equal shares of bandwidth.

2) As shown from the simulation in [7], its admission con-
trol criterion may be too conservative for VBR sources.
The number of VBR sources that can be admitted is quite
limited.

3) Traffic regulators are implemented at VBR users. The
base station has to trust all the VBR sources to be coop-
erative in order to guarantee QoS. As a result, there is no
firewall protection from a malicious user (a user pumps
more traffic than allowed by the contract).

To cope with these problems in the PNP scheme, we propose
in this paper the distributed earliest deadline first (DEDF) sched-
uling algorithm and derive its associated admission-control cri-
terion. As our scheme is based on EDF, it provides fair access
to homogeneous users. Also, traffic regulators are implemented
at the base station to provide firewall protection from mali-
cious users. This is done by observing departure processes and
exchanging information efficiently. Our simulation also shows
improvement of bandwidth utilization. The offered load in our
simulation can be as high as 86%. At such high load, packets
suffer from random queueing delay, but they are still within
their provable delay guarantees. We note the DEDF scheme is
in fact a centralized scheduling scheme at the base station. The
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word “distributed” is for distributed VBR sources as the dis-
tributed-queueing request update multiple access (DQRUMA)
scheme in [16].

The paper is organized as follows. In Section II, we formalize
the problem. In Section III, we briefly review the filtering theory
for deterministic traffic regulation and service guarantees that
will be used in this paper. In Section IV, we discuss how to reg-
ulate the traffic from a VBR source in a distributed network. We
propose two distributed traffic regulators (DTRs) and analyze
their delay and output burstiness. The first one, here called DTR
A, is capable of knowing whether the VBR source has packets
to send by sensing carrier in a separate channel. DTR A uses
such information and the information of the departure process
to implement the maximal -regulator. The second one, here
called DTR B, detects the time that the VBR source has packets
to send with limited delay. Once such an instant is detected,
DTR B then follows the algorithm in DTR A for traffic regu-
lation. Intuitively, DTR B can be viewed as a concatenation of
a device with bounded delay and DTR A. In Section V, we pro-
pose the DEDF scheme. The scheme is a combination of DTR
B and the EDF scheduler. It performs distributed traffic regula-
tion and scheduling simultaneously. To guarantee the delay for
each VBR source in such a scheme, we derive a sufficient con-
dition for admission control. Under such a condition, we show
that all the VBR sources satisfy their delay constraints. We pro-
gram the DEDF scheme and carry out various simulations for
the scheme in Section VI. Simulation results show substantial
improvement for fairness over the priority scheme in [7]. We
conclude the paper in Section VII by discussing future research
problems of the scheme.

II. PROBLEM FORMULATION AND ASSUMPTIONS

As the network model in [7], [25], we consider a multiple
access channel with distributed VBR sources (CBR sources
can be viewed as special cases of VBR sources). Assume that
these VBR sources communicate with each other via a system
controller, called a base station (or head-end controller). All
packets are sent to the base station first and then relayed to
their destinations. All the sources can send packets to the base
station through a multiple access channel. This channel is
called an up-link. On the other hand, the base station broadcasts
the packets to all VBR sources through a broadcasting channel,
called a down-link. The down-link has almost the same char-
acteristic as a general centralized link, where information,
including packet arrival times, is available to the base station.
Hence, we will focus on the up-link, where information is
distributed and kept to each user.

We assume that both the up-link and down-link have zero
propagation delay and that all the packets of these VBR sources
are of the same size. The assumption of zero propagation delay
may look unrealistic at first glance, as propagation delay may
vary in a mobile environment. However, when the variation of
propagation delay is negligible comparing to the transmission
time of a packet, the propagation delay can be added into the
transmission time of a packet in the analysis.

Packets generated by a VBR source are stored at a local buffer
before transmission. The time a packet is generated is called its

arrival time, and the time it reaches the base station is called its
departure time. We assume the local buffer size is infinite (large
enough to accommodate for the traffic generated by the VBR
source). For each packet of a VBR source, there is a maximum
delay constraint. The delay of a packet is defined to be the dif-
ference between its departure time and its arrival time.

As in a centralized link, one needs to carry out the following
in order to guarantee maximum delay.

1) Traffic regulation—
Each VBR source needs to be regulated before entering

the network. If one builds the regulators at the users, then
the base station has to trust all the VBR sources to be
cooperative. This is the assumption used in [7], [25]. One
serious drawback for such an assumption is that there is
no firewall protection from a malicious user (a user pumps
more traffic than allowed by the contract). In this paper,
we consider having traffic regulators in the base station so
that QoS can be guaranteed for cooperative VBR sources
even though some of them are not. To characterize a VBR
source, we adopt the concept of upper envelope in [9],
[10], [4]. A VBR source is -upper enveloped if is
increasing and subadditive, i.e., ,

for all , and satisfies

(1)

where is the cumulative arrivals by time . As dis-
cussed in [5], an -upper enveloped source can be policed
by feeding a source through the maximal -regulator, i.e.,

(2)

where [resp. ] is the cumulative arrivals (resp.
departures) from the maximal regulator by time . Note
that the maximal regulator in (2) requires the informa-
tion of the arrival process and such information is not
available to the base station. The question is then how one
implements such a regulator in the base station, where the
information of the arrival process is not available.

2) Traffic scheduling—
In a centralized link, many scheduling policies such

as FCFS, EDF, SP, VC[24], PGPS [18], and SCED [11],
[21], can be used for delay guarantees. All these sched-
uling policies need the information of the arrival process.
As in traffic regulation, the question is how one imple-
ments such a scheduling policy in a distributed environ-
ment where the information of the arrival process is not
available.

3) Admission control—
When a VBR source makes a request for connection, it

needs to provide the base station its traffic characteriza-
tion, including the traffic envelope and the delay con-
straint. Based on the traffic characterization, the base sta-
tion checks whether it can guarantee the delay of the ex-
isting connections and the new connection. If this is the
case, the new connection is admitted. The problem is then
to find the admission control criterion that guarantees the
delay of all sources.
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III. REVIEW OF THE FILTERING THEORY

Our proposed solution to the problems in Section II is the
DEDF scheme. Our analysis for the DEDF scheme is based on
the recently developed filtering theory for deterministic traffic
regulation and service guarantees in [5], [12], [1], [2]. The main
advantage of using such a theory is that it enables us to ana-
lyze the DEDF scheme systematically. Before we introduce the
DEDF scheme, we first briefly review the filtering theory in this
section (for more details of the theory, we refer to the book [6]).
The filtering theory is developed under the algebra,
where one replaces the usual addition by the operator and
the usual multiplication by the addition operator. As in classical
linear system theory, the new filtering theory treats an arrival
process (or a departure process ) as a signal, and a network
as a system. A (continuous-time) signal is a
nonnegative and increasing function. A signal is said to be larger
than another if all its values at any time are larger. Two basic
operations for signals under the algebra are consid-
ered: the “addition” operation and the “multiplication” oper-
ation .

1) ( ): the pointwise minimum of two signals

2) (convolution): the convolution of two signals

These two operations are associative, commutative, and dis-
tributive, and one may use them as the usual addition and mul-
tiplication.

Based on the two operations for signals, two types of basic
network elements are defined: the maximal regulator and the

server. The maximal -regulator with the input yields the
output (when is subadditive), and the -server for
the input guarantees the output . The maximal
regulator has the following three properties.

TR 1) Traffic regulation: the output from the maximal reg-
ulator is -upper enveloped for any input.

TR 2) Optimality: The maximal regulator is the best causal
traffic regulator that one can implement in terms of
maximizing the number of cumulative departures from
the regulator at any moment in time.

TR 3) Conformity: If the input to the maximal regulator is
already -upper enveloped, then it is not affected by
the regulator.

An ideal -leaky bucket is a special case of the maximal
regulator with .

Schedulers, such as EDF [14], VC [24], [13], [22], PGPS
[18], and SCED [11], [21], can be characterized by servers
for certain s. The representation of a server is not unique, and
it may depend on the input. Certainly, the maximal regulator is
an server. Among all servers, the server (with
for and otherwise) is of particular in-
terest. A server is an -server for an input if and only if the
server guarantees maximum delay for that input.

Network elements can be joined by concatenation, “filter
bank summation,” and feedback to form a composite network
element.

1) Concatenation: a concatenation of an server for an
input and an server for the output from the server
is an server for , where .

2) “Filter bank summation”: the “filter bank summation” of
an server for and an server for is an server
for , where .

3) Feedback: the feedback of an server is an server for
if and for all , where is the

subadditive closure of in [5].
The maximum queue length (resp. maximum delay) of an
server with an -upper enveloped input is bounded by the

maximum vertical (resp. horizontal) distance between and
. Moreover, the output is -upper enveloped, where

(3)

IV. DISTRIBUTED TRAFFIC REGULATION

A. Distributed Traffic Regulation with a Separate
Carrier-Sensing Channel

Our objective in this section is to propose a scheme that can
implement the maximal regulator in a distributed environ-
ment. As discussed in the introduction, the maximal regulator
in (2) requires the information of the arrival process, which is in
general not available to the base station. The base station may
acquire such information by polling the source. However, this
consumes bandwidth and exchange of such information should
be carried out only if needed.

Our first observation is that the base station has the informa-
tion of the departure process. Though the base station cannot
observe the arrival process directly, it can use the information
of the departure process to deduce the information of the ar-
rival process. For instance, let and be the cumulative
arrivals and departures by time . If the base station polls the
source and the source replies with an end-of-file (EOF) mes-
sage (no more packet to transmit at the time of polling), then
the base station knows at that instant. In our set-
ting, we assume that both and are left continuous.

Our second observation is that the maximal -regulator may
not need all the information of the arrival process. In the fol-
lowing, we show that one can implement the maximal regu-
lator if the base station is capable of knowing whether the VBR
source has a packet to send (it does not know how many of
them). Such information can be obtained by sensing carrier in
a separate channel. When the VBR source has at least a packet
to send, it transmits a carrier at a certain frequency. We define a
busy period of the VBR source the period of time that the base
station detects such a frequency. The time between two succes-
sive busy periods is called an idle period. Define (resp. ) be
the starting (resp. finishing) time of the th busy period. Con-
sider the following distributed traffic regulator.

DTR A: The VBR source is allowed to send a packet only
when it receives a token from the base station. Let be the
cumulative departures by time from the traffic regulator. In
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the th busy period, tokens are generated and sent at ,
, till the end of the busy period, where

(4)

and

(5)

Note that is the number of tokens generated by time if
is in th busy period ( ).

Remark 1: At first glance, one might think the inversion in
(4) is difficult and the complexity for implementing such a regu-
lator is high. This is not the case when the envelope has a cer-
tain form. For example, if we consider the -leaky bucket,
i.e., for all , then

(6)

where . Moreover, can be
computed recursively by

(7)

From (6), one then has

(8)

Thus, the base station only needs to store three parameters: 1)
the starting time of the current busy period, ; 2) the cumulative
departures by the starting time of the current busy period ;
and 3) the state of the recursive equation in (7), .

More generally, we can consider the concatena-
tion of -leaky buckets (see e.g., [5]), i.e.,

. One can easily show that

(9)

where

(10)

In the following theorem, we state that DTR A is indeed the
maximal regulator. The proof of the theorem can be found in
the book [6, Prob. 2.3].

Theorem 2: Let

be the output from maximal -regulator ( is increasing and
subadditive). Then for all and DTR A is the
maximal -regulator.

Since DTR A is shown to be the maximal regulator, the
output from DTR A is -upper enveloped and has no delay for
an -upper enveloped input.

B. Distributed Traffic Regulation with Inband Signaling

In the previous section, we assume that there is a separate car-
rier sensing channel that is capable of knowing whether the VBR
source has a packet to send. However, assuming the existence of

a separate carrier sensing channel may not be realistic. Instead,
we propose in this section a scheme with inband signaling. As
in Section IV-A, we are only dealing with a single VBR source
in this section. The general case with multiple VBR sources will
be considered in the next section.

The basic idea of our scheme is for the base station to detect
the instant that the VBR source has a packet to send with limited
delay. To do this, the VBR source is classified into two states:
the idle state and the busy state. The base station puts the VBR
source in the idle (resp. busy) state if it thinks the VBR source
does not have (resp. has) a packet to send. It may happen that the
VBR source does have a packet to send while the base station
puts it in the idle state. To correct such an error, the base station
limits the length of the period that the VBR source can be put in
the idle state, i.e., the base station switches the VBR user into
the busy state if the user has been put in the idle state over time
units, where is the parameter designed by the base station. (In
Section V-B, the parameter is chosen to maximize the number
of connections that can be admitted to the network.) It is clear
that the delay to detect the instant that the VBR source has a
packet to send is then bounded above by the parameter . Once
the VBR source is switched into the busy state, polling tokens
are generated according to the algorithm in DTR A so that the
output is still well regulated. The VBR source may notify the
base station that it does not have any more packets to send by
appending an EOF message in the last packet, or simply sending
an EOF message if it does not have any packets to send (inband
signaling). When this happens, the base station then switches
the VBR source back to the idle state.

To be precise, we list the polling scheme as follows.
DTR B:

1) The base station maintains two states for the VBR source:
the idle state and the busy state.

2) When the VBR source receives a polling token form the
base station, consider the following conditions of the
buffer in the VBR source.

2.1) Suppose that there are more than one packets in
the buffer of the VBR source. After being polled,
the VBR source transmits a packet.

2.2) Suppose that there is only one packet in the
buffer of the VBR source. After being polled,
the VBR source transmits a packet appended
with an EOF message. When a packet appended
with an EOF message is received, the base
station changes the state from the busy state to
the idle state at the current time. If this is the

th time to receive a packet appended with an
EOF message, it sets to be the current time.
Furthermore, the base station sets to be the
sum of the current time and , and changes the
state of the VBR source from the idle state to
the busy state at the time .

2.3) Suppose that there are no packets in the buffer
of the VBR source. After being polled, the VBR
source replies with an EOF message. When
an EOF message is received, the base station
changes the state from the busy state to the idle
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state at the current time. If it has received
packets appended with EOF messages by the
current time, it resets to be the sum of the
current time and , and changes the state of the
VBR source from the idle state to the busy state
at the time .

3) When the VBR connection is set up, the base station sets
its initial state to be idle and sets to be the current time.
Furthermore, it sets to be the sum of the current time
and , and changes the state from the idle state to the busy
state at the time .

4) Let be the cumulative number of packets received by
time from the VBR source. In the th time of the busy
state, the polling tokens are generated and sent at ,

, where

(11)

and

(12)

In our analysis, tokens can be divided into two classes. A
token is called effective if the base station receives a packet
or a packet appended with an EOF message when the token is
served. If the base station receives only an EOF message when
a token is served, then the token is called ineffective. As tokens
are served immediately after being generated, is the same
as the number of effective tokens served by time .

Theorem 3: The output from DTR B is the output from
the concatenation of an server and the maximal regulator.

The proof of Theorem 3 is given in Appendix A. As direct
consequences of Theorem 3, the maximum delay for DTR B is
bounded by time units for an -upper enveloped input. Also,
the output from DTR B is -upper enveloped.

V. DEDF SCHEME

In this section, we propose the DEDF scheme to guarantee
maximum delay for multiple VBR sources.

A. The Algorithm

Suppose there are VBR sources. The th VBR source is
claimed to be -upper enveloped and its maximum tolerable
delay is , . The basic idea of our DEDF al-
gorithm is to combine DTR B and the EDF scheduler. Suppose
that one chooses the parameter in DTR B for the th VBR
source. Every token generated by DTR B for the th VBR source
is assigned a deadline that is equal to the sum of the its genera-
tion time and another design parameter . If these tokens are
served before their deadlines, then the maximum delay incurred
by the EDF scheduler is bounded above by . In addition to
the time units incurred by DTR B, the overall delay is then
bounded above by , provided that the input is -upper
enveloped. To be precise, we present the scheduling algorithm
as follows.

The DEDF Scheme:

1) For each VBR source, there are two states: busy and idle.
The base station maintains a token queue for each VBR

source. A token consists of two data fields: source identi-
fication and deadline.

2) The base station searches the head of the token queues
to find the one with the earliest deadline. (If there is no
such a token, the base station stays idle.) It then grabs the
token and polls the corresponding VBR source (from the
source identification field). Suppose that the token with
the earliest deadline is a token for the th VBR source.
Consider the following conditions of the buffer in the th
VBR source.

2.1) Suppose that there are more than one packets in
the buffer of the th VBR source. After being
polled, the th VBR source transmits a packet.

2.2) Suppose that there is only one packet in the
buffer of the th VBR source. After being
polled, the th VBR source transmits a packet
appended with an EOF message. When a packet
appended with an EOF message from the th
source is received, the base station clears the
token queue of the th VBR source and changes
the state of the th source from the busy state to
the idle state at the current time. If this is the th
time to receive a packet appended with an EOF
message from the th source, it sets to be
the current time. Furthermore, the base station
sets to be the sum of the current time and

, and changes the state of the th source from
the idle state to the busy state at the time .

2.3) Suppose that there are no packets in the buffer of
the th VBR source. After being polled, the th
source replies with an EOF message. When an
EOF message from the th source is received, the
base station clears the token queue of the th VBR
source and changes the state of the th source
from the busy state to the idle state at the current
time. If it has received packets appended with
EOF messages from the th source by the current
time, it resets to be the sum of the current
time and , and changes the state of the th
source from the idle state to the busy state at the
time .

3) When the th VBR connection is set up (admitted by the
criterion in the next section), the base station sets its ini-
tial state to be idle and sets to be the current time.
Furthermore, it sets to be the sum of the current time
and , and changes the state from the idle state to the
busy state at the time .

4) In the th time of the busy state of the th VBR source,
the tokens are generated at , , where

(13)

and

(14)

where (left continuous) is the number of packets
received by time from the th VBR source. When a token
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of the th VBR source is generated, its deadline is set to
be the sum of the current time and .

Since tokens may be not be served immediately after they are
generated, it is necessary for us to keep a token queue for each
VBR source. The token queue of a VBR source is cleared every
time when the busy state is changed to the idle state.

As discussed in Remark 1, computation complexity for (13)
seems high as it depends on the whole history of the departure
processes. However, it can be greatly simplified by considering
envelope functions that are concatenation of leaky buckets. In
that case, the base station only needs to store the following pa-
rameters: 1) the starting time of the current busy period for the
th source, , ; 2) the cumulative departures by

the starting time of the current busy period for the th source,
, ; and 3) the states of the recursive equa-

tions in (10).
Remark 4: In Step 2, we say the base station stays idle when

there is no token in the token queues. In fact, the base station
could use the time to serve other traffic without delay constraint,
including the available-bit-rate (ABR) traffic and the signaling
traffic. Such traffic can be served by the usual contention based
medium access protocols. For example, the group randomly ad-
dressed polling (GRAP) in [8], [7] can be easily incorporated
into our scheme to serve such traffic. As our focus is on serving
VBR traffic, we will not pursue this issue further. Also, note that
the CBR traffic discussed in [7] is a special case of the VBR
traffic with being a linear function.

In our scheme, tokens can be divided into three classes. A
token is called effective if the base station receives a packet
or a packet appended with an EOF message when this token is
served. If the base station only receives an EOF message when
a token is served, then the token is called ineffective. At last, a
token is classified as an unserved token if it is generated but not
served by the base station.

Let [resp. ] denote the number of (resp. inef-
fective) tokens for the th source that are generated by time .
Assume that and are left continuous.

The following theorem is the main result for the DEDF
scheme. Its proof is given in Appendix B.

Theorem 5: If all the effective tokens are served before their
deadlines, then the DEDF scheme is an -server for the th VBR
source, where , . Moreover,
the departure process of the th VBR source from the DEDF
scheme is -upper enveloped, where . If,
furthermore, is -upper enveloped, then the maximum delay
for the th VBR source is bounded above by .

Thus, if is -upper enveloped and , then
all the packets from the th VBR source satisfy their delay con-
straints. This is true even when other sources do not conform to
their traffic envelopes. Moreover, its output is still well regulated
by . This can be further used for service guarantees in the fol-
lowing stages of its route. To visualize how the DEDF scheme
works, we depict the block diagram of the DEDF scheme in
Fig. 1.

B. Admission Control

In this section, we derive a sufficient condition for all the ef-
fective and ineffective tokens to be served before their dead-

Fig. 1. Block diagram of the DEDF scheme.

lines. As the cumulative effective tokens generated by time ,
i.e., , is the output from DTR B (with ) for the
input , is -upper enveloped. Moreover, the cumulative
ineffective tokens is bounded above by the worst case when they
are periodically generated. Let be the service time for serving
an ineffective token and be the service time for serving an
effective token. Base on these two facts, we then have the suffi-
cient condition

(15)

for all the effective and ineffective tokens to be served before
their deadlines. We state this formally in Theorem 6. The proof
of Theorem 6 is given in Appendix C.

Theorem 6: Under the condition in (15), all the effective and
ineffective tokens are served before their deadlines.

Note that in order for the base station to carry out the admis-
sion test, it has to have the information of the traffic envelope
and the delay constraint of a VBR source. Such information can
be transmitted via a contention based medium access protocol
as described in Remark 4.

Though we only need to guarantee that the effective tokens
are served before their deadlines in Theorem 5, we still need
to guarantee both the effective and ineffective tokens as we are
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not able to distinguish a token until it is served. This makes our
bounds a little bit conservative as illustrated in our simulations
in Section VI.

One may define the (normalized) effective peak rate of the th
VBR source as follows:

(16)

It is easy to see that the admission criterion in (15) is satisfied if

(17)

Moreover, one can choose the design parameter and
such that the effective peak rate is minimized under the con-
straint . For example, if , then
using the inequality yields

(18)

One can then minimize the right side of (18) under the constraint
. Note that if all the VBR sources are homoge-

neous, then the effective peak-rate criterion in (17) is the same
as that in (15), and optimizing the parameter and in
(18) yields the maximum number of VBR sources that can be
admitted to the network.

VI. SIMULATION RESULTS

In this section, we perform three experiments to verify the
DEDF scheme. In our experiments, we assume that the speed of
the multiplexing channel is 10 Mb/s. All the packets are of the
same length 1 kb, and all EOF messages are 50 b. The length
of each polling packet from the base station is also 50 b. Thus,

s (a packet appended with an EOF message) and
s (a polling message an EOF message).

The contract between the th VBR source and the base station
is characterized by with the traffic envelope

and the maximal tolerable delay . For each VBR
source, we model its traffic as the output from the concatenation
of an ON–OFF coder and a leaky bucket (see Fig. 2). We assume
that the coding speed of the th coder is kb/s and both the
ON and OFF periods are s, which is the period to generate a
packet. Thus, the coder generates one packet if the period is ON.
Otherwise, no packet is generated. In order to model the ON–OFF

coder, we flip a coin to decide whether the next period is ON or
OFF at the end of the current period. Let be the probability
that the next period is an ON period.

The th ON–OFF coder is followed by a leaky bucket with
the token generate rate and the token buffer size . It
is known that the number of outputs from such a leak bucket
during an interval of length is bounded by . Thus,
the output from such a leaky bucket is -upper enveloped with

and it conforms to the traffic contract. The
delay of a packet is measured between the time it departs from
the leaky bucket and the time it is received by the base station.

Fig. 2. Traffic model for a VBR source in the experiments.

In the first experiment, we consider the case where all the
VBR sources are homogeneous. We choose

, kb/s, ,
packets/s and s for all . The parameters

and (for all ) are chosen so that the number of
users (denoted by ) that can be admitted to the network is
maximized. To do this, we use the effective peak rate criterion
from (17) and (18) to derive the following inequality:

(19)

Thus, from (19) and , we find that the maximum
number of VBR users admitted to the network is 20. The
corresponding and are 0.066 67 and 0.053 33 s. Note that

s. In this case, the total average of-
fered load from the VBR sources (without counting the traffic
from polling and EOF messages) is 8.6 Mb/s.
Thus, the channel utilization is at least 86% From our exper-
iment, the maximum delay (observed during the period of the
simulation) ranges between 0.0705 and 0.0821 s for these 20
sources. This shows that our deterministic bound is still conser-
vative as discussed in Section V-B. In Figs. 3 and 4, we further
plot the tail distributions of the delay of the packets for these
20 sources. From the tail distributions, we not only justify that
all the packets satisfy their delay constraints, but also demon-
strate the fairness among these 20 homogeneous sources as they
all have similar distributions. This is a considerable improve-
ment over the priority scheme in [7], where low-priority sources
suffer from large delay. Also, the offered load in the priority
scheme in [7] has to be kept low due to the tight admission cri-
terion. In the simulation in [7], the tail distributions are all uni-
formly distributed, as there is almost no queueing delay and all
the packets are simply waiting for the arrivals of their polling to-
kens. In the DEDF scheme, the tail distributions are not uniform.
This shows that packets suffer from random queueing delay in
the DEDF scheme.

To further understand the tradeoff between and , we per-
form our second experiment. In the second experiment, we use
the same traffic model in the first experiment. We assume there
are ten VBR sources, i.e., . In this experiment, the av-
erage offered load (without counting the traffic from polling and
EOF messages) is roughly 43%. We vary and on the line

, and collect two simulation results: the (observed)
maximal delay and the waste ratio (the ratio of the time con-
sumed by the ineffective tokens to the total simulation time in
percentage). The total number of served packets for each VBR
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Fig. 3. Tail distributions of the delay for VBR sources 1–10 in the first experiment.

Fig. 4. Tail distributions of the delay for VBR sources 11–20 in the first experiment.

source is about 20 000. We report the results in Table I. Since
the offered load in this experiment is not as heavy as that in
the first experiment, tokens are served almost immediately after
they are generated. As a result, the major portion of the delay
comes from the delay to generate a token, i.e., . This explains
why the observed maximum delay is closed to in Table I. A
more interesting observation is that the waste ratio is insignifi-
cant for a fairly large range of . The waste ratio becomes sig-
nificant when is close to the inverse of average traffic contract
rate of s. In this case, the base station is polling
too often and there is a significant amount of ineffective tokens.

This experiment also confirms that our choice of
s in the first experiment is a good choice. Such a choice does
not waste too much bandwidth. It also maximizes the number
of VBR users that can admitted to the network.

In the third experiment, a nonhomogeneous case is consid-
ered. There are two types of different VBR traffic models. The
coder speed of the first (resp. second) type is 2000 kb/s (resp.
64 kb/s) with (resp. ). The contract
for the first type is (1500 packets/s, 6, 0.03 s), and
the contract for the second type is (50 packets/s
4, 0.15 s). Note that the first type has a more stringent delay
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TABLE I
MAXIMAL DELAY AND WASTE-RATIO FOR DIFFERENT (p , p )

COMBINATIONS IN THE SECOND EXPERIMENT

TABLE II
PARAMETERS AND THE MAXIMAL DELAY FOR THE VBR

SOURCES IN THE THIRD EXPERIMENT

constraint. The parameters are chosen in the way
that the effective peak rate in (19) is minimized under the con-
straint that . For the first (resp. second) type,
it is found that s and s (resp.

s and s). We assume 15 users are
admitted: the first six are of the first type (type I) and the others
are of the second type (type II). In this case, the admission cri-
terion in (15) is satisfied. The total average offered load for this
case is

kb/s kb/s Mb/s

Thus, the channel utilization is at least 90.72%. The maximum
delay observed for each source during the simulation is reported
in Table II. We also plot the tail distributions of the delay of
the packets in the third experiment in Fig. 5. Once again, this
demonstrates the improvement of fairness within each type as
they have similar distributions within the same type.

VII. CONCLUSIONS AND FUTURE RESEARCH

In this paper, we proposed the DEDF scheme for providing
delay guarantees in a distributed environment. To the best of our
knowledge, this is the first scheme that uses the information of
the departure processes to provide delay guarantees among all
the time-limited polling schemes in the literature. The DEDF
scheme consists of two parts: 1) DTR B and 2) a token-based
EDF scheduler. DTR B, as a distributed traffic regulator, ensures
that the traffic coming into the network is well regulated. This
not only acts as a policing device for a VBR source, but also pro-
vides firewall protection from malicious users and catastrophic
transmission errors. As DTR B also uses the information of the
departure process of a VBR source to compute the token gen-
eration times, bandwidth utilization is more efficient than fixed
(peak) rate regulation, where tokens are generated periodically.
We also showed in Remark 1 that the token generation times can
be computed easily if the envelope is a concatenation of leak
buckets. For such an envelope, the computational complexity is
of the same order as that of VC. Under the admission criterion
in (15), the token-based EDF scheduler then ensures that all the
tokens are served before their deadlines, which in turn guaran-
tees that all the packets satisfy their delay constraints. As most
EDF schedulers, the token based EDF scheduler can provide
a continuous spectrum of delay bounds for VBR sources. Our
experimental results show substantial improvement of fairness
over the priority scheme in [7].

There are some interesting problems that arise from this re-
search.

1) Retransmission or forward error correction.
Though the DEDF scheme guarantees that all the

packets satisfy their delay constraints, it should be
understood this only holds for packets without trans-
mission errors. Suppose that the error probability of
transmitting a packet is . Then the DEDF scheme
only guarantees that a packet meets its deadline with
probability , assuming polling and EOF messages are
transmitted correctly. In view of this, if we are asking
higher probabilistic quality of service, we have to resort
to either retransmission or feedforward error correction
(FEC). The latter adds a fixed overhead to each packet
and thus reduces the bandwidth efficiency. The former
might lead to tighter deadlines as one has to reserve time
for retransmission. This also means a tighter admission
criterion. Tradeoffs between retransmission and FEC is
certainly worth further study.

2) Time-varying capacity.
Suppose that an adaptive rate FEC is used in 1). Then,

the capacity of the channel is time varying. In this case,
the number of VBR sources that can be admitted should
be reduced so that QoS can still be maintained when the
capacity is time varying.

3) Random access.
Suppose the objective is to provide a probabilistic type

of QoS as discussed in 1). Instead of using polling, one
may consider a contention-based medium access protocol
to inform the base station that a VBR source has a packet
to send. However, as a contention-based protocol usually
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Fig. 5. Tail distributions of the delay for VBR sources 1–15 in the third experiment.

yields a random access delay, a long access delay might
result in many overdue packets. The control of QoS is
much more difficult than the polling scheme presented in
this paper.

4) Propagation delay.
In this paper, we assume negligible propagation delay

so that polling can be used for information exchange.
In the case of long propagation delay, acquiring the in-
formation where a VBR source has a packet to send is
time consuming. A standard approach is to time inter-
leave the scheme into different phases. Within each phase,
the scheme is then operated at a lower transmission speed
so that the propagation delay is negligible comparing to
the packet transmission time. However, this might lose
some multiplexing gain due to time-interleaving. It is not
clear whether the effective bandwidth approach (see e.g.,
[6] and references therein) would be more efficient under
such an environment.

APPENDIX A

In this section, we prove Theorem 3. Consider a fictitious
arrival process that is constructed by the arrival process
as follows.

1) Every arrival of in the busy state is also an arrival of
with the same arrival time.

2) Every arrival of in the idle state is also an arrival of
with the arrival time delayed to the beginning of the next
busy state.

As the length of the idle state is bounded above by (Steps
2 and 3 of DTR B), the delay between an arrival in and its
corresponding arrival in is at most . Thus, can be viewed
as the output of an server with the input .

For the fictitious arrival process , the base station is always
in the busy state when there are arrivals. Thus, for , DTR B is

equivalent to having the carrier sensing capability, and DTR B
is equivalent to DTR A. As DTR A is the maximal -regulator
(Theorem 2), DTR B can be viewed as the concatenation of an

server and the maximal regulator for .

APPENDIX B

In the section, we prove Theorem 5. First, one observes that
for all as there are no backlogged

tokens for the th VBR source at . Thus, in view of (13)
and (14), is the output from DTR B (with ) for the
input . It then follows from Theorem 3 that

(20)

Since we assume that all the effective tokens are served before
their deadlines, one has for all , where

is the parameter added in the deadline of an effective token
in Step 4 of the DEDF scheme. Thus

(21)

In conjunction with (20)

This shows that the DEDF scheme is an server for the th
VBR source. Also, as is the output from DTR B, is

-upper enveloped from Theorem 3. Thus, it follows from (21)
and (3) that is -upper enveloped with .

As the horizontal distance between and is , it
then follows from the filtering theory that the maximum delay
for the th VBR source is bounded above by if is

-upper enveloped.
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APPENDIX C

In this section, we prove Theorem 6. As in [11] and [17],
we prove this by contradiction. Suppose that the time is the
first missed deadline, i.e., a token with deadline is not served
before . Let denote the last time before at which a token
with deadline larger than is initially served. If there is no such
time, let denote the last time before when the base station
becomes busy. Let denote the set of tokens which are with
deadlines less than or equal to and which are served after .
Let be the total time to serve the tokens in .

First, we derive a lower bound for . Since all the tokens
served in the interval have no deadlines larger than

by the definition of , they all belong to the set . Since the
server is busy in this interval and by the assumption that time
is the first missed deadline, we have

(22)

Next, we derive an upper bound for . Let be the set of VBR
users that have tokens in the set . There are two facts for the
VBR users in . The first fact is that all the tokens of the VBR
users in which are served before have deadlines less than or
equal to . Otherwise, there exists a token that is served after
and it has deadline larger than . This contradicts the definition
of and .

The second fact is that all the token queues of the VBR users
in have no backlog at time . Otherwise, the event that a token
with deadline larger than is served at would not occur as a
token with an earlier deadline would be chosen first. Thus, one
has for that

(23)

and that

(24)

where denote the number of ineffective tokens served by
time .

Let denote the number of effective tokens that are
with deadlines less than or equal to . Since all the effective
tokens are assigned deadlines as the sum of their generation time
and , we have

(25)

The total time to serve tokens in the set is the sum of the
time to serve effective tokens which is denoted by and the
time to serve ineffective tokens which is denoted by . From
the first fact that all the tokens of the VBR users in served
before have deadlines less than or equal to , we have

[from (25)]

[from (23)]

As argued in the proof of Theorem 5, is the output from
DTR B and thus -upper enveloped (Theorem 3). This leads to
the following upper bound:

(26)

Let denote the number of ineffective tokens with
deadlines less than or equal to . One has from the first fact de-
scribed above that . Thus,
we have from (24). Since
the ineffective tokens with deadlines less than or equal to are
generated by time , considering the worst case when
all the ineffective tokens are generated periodically with period

yields

(27)

From (26) and (27), we have

(28)

Combining (28) with (22), we reach a contradiction with (15)
[by substituting in (15)]. Thus, all the tokens are
served before their deadlines.
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