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Abstract

We define a class of Guaranteed Rate (GR) scheduling al-
gorithms. The GR class includes Virtual Clock, Packet-by-
Packet Generalized Processor Sharing and Self Clocked
Fair Queuing. For networks that employ scheduling algo-
rithms belonging to GR, we present a method for deter-
mining an upper bound on end-to-end delay. The method
Jacilitates determination of end-to-end delay bounds for a
variety of sources. We illustrate the method by determining
end-to-end delay bounds for sources conforming to Leaky
Bucket and Exponentially Bounded Burstiness.

1 Introduction

Computer networks have advanced to a point where they
can support multimedia applications like audio and video
conferencing and multimedia information retrieval. Such
applications require the network to provide a wide range of
Quality of Service (QoS) guarantees (including minimum
bandwidth, packet delay, delay jitter and loss). Whereas
the minimum guaranteed bandwidth must be large enough
to accommodate motion video of acceptable resolution,
the end-to-end delay must be small enough for interactive
communication. In order to avoid breaks in continuity
of audio and video playback, delay jitter and loss must
be sufficiently small. Techniques for determining an upper
bound on end-to-end delay in a network is the subject matter
of this paper.

The end-to-end delay of a packet depends on the source
traffic characteristics and the scheduling algorithm at the
network switches. In the recent past, several source
specifications including Leaky Bucket [10], Exponentially
Bounded Burstiness (EBB) [13], Flow Specification [9]
and the Tenet model [5] have been studied. The scheduling
algorithms that have been proposed include Stop and Go
Queuing [6], Delay EDD [15], Jitter EDD [15], Hierarchi-
cal Round Robin [8], Rate Control Static Priority Queuing

[14], Self Clocked Fair Queuing (SCFQ) [7], Virtual Clock
[16] and Packet-by-Packet Generalized Processor Sharing
(PGPS) [10]. The problem of determining an upper bound
on end-to-end delay has also received considerable atten-
tion [2, 3,9, 10, 13]. However, most of the techniques de-
termine end-to-end delay by considering a specific source
traffic specification and scheduling algorithm. In an inte-
grated network supporting audio, video and data services,
the sources have widely varying characteristics. More-
over, in a wide area networking environment, each switch
may employ a different scheduling algorithm. Methods for
determining end-to-end delay of packets in such heteroge-
neous environments have not received much attention.

In this paper, we take a step towards addressing the
above limitation by (1) defining a class of Guaranteed Rate
(GR) scheduling algorithms, and (2) developing a method
for determining an upper bound on end-to-end delays for a
network of switches each of which employs a scheduling
algorithm in the GR class. We demonstrate that many of
the scheduling algorithms proposed in the literature (e.g.
Virtual Clock, PGPS and SCFQ) belong to the class of GR
scheduling algorithms. We also show that the method for
determining an upper bound on end-to-end delay is general
and can be used to determine delay bounds for various
source traffic specifications. We employ the method to
derive a deterministic end-to-end delay bound for Leaky
Bucket sources (a deterministic source characterization)
and an upper bound on the tail distribution of the delay
for EBB sources (a stochastic characterization). The end-
to-end delay bounds that we derive are parameterized by
the scheduling algorithm used at each switch and can be
instantiated to derive delay bounds for a specific scheduling
algorithm or a combination of scheduling algorithms.

The rest of the paper is organized as follows. In Section
2, we define the class of GR scheduling algorithms. In
section 3, we present a method for determining end-to-end
delay bounds and finally, Section 4 summarizes our results.



2 Guaranteed Rate Scheduling
Algorithms

Each unit of data transmission at the network level is a
packet. We refer to the sequence of packets transmitted
by a source as a flow [16]. Each packet within a flow
is serviced by a sequence of servers (switching elements)
along the path from the source to the destination in the
network. To provide guaranteed performance, the servers
reserve arate for a flow and employ a rate-based scheduling
algorithm. Based on this rate reservation, many scheduling
algorithms can guarantee a deadline by which a packet of
a flow will be transmitted. This guarantee is referred to
as delay guarantee. We refer to the class of rate based
scheduling algorithms which provide such guarantees as
Guaranteed Rate (GR) scheduling algorithms.

The delay guarantees provided by these algorithms are
based on the guaranteed rate clock' values (intuitively, ex-
pected arrival time values) associated with each packet. To
define the guaranteed rate clock values, consider a flow f
that is associated with a rate r; (in bits/sec). Let pg, and

/'; denote the j!" packet of flow f and its length, respec-
tively. Additionally, let GRCi(p‘J}) and Ai(pi;) denote the

guaranteed rate clock value and arrival time of packet p’
at server ¢, respectively. Then, guaranteed rate clock value
lor a packet is given by:

GRC'(p}) = 0 (1)

o o L g
GRC'(p}) = max{A'(p}), GRC' (P} ™)} + —f; i>1
(2)

We use the guaranteed rate clock value of a packet to
define the class of GR scheduling algorithms as follows.

Definition 1 A scheduling algorithm at server i belongs
to class GR for flow f if it guarantees that packet pj, will

be transmitted by G RC" (p?;) + B where 3¢ is a constant
which depends on the scheduling algorithm and the server.

The concept of delay guarantee to a packet based on
its expected arrival time was introduced in [9, 12]. As is
evident from the definition (also observed in [9]), a key
property of the class of GR scheduling algorithms is that
they provide a delay guarantee for a source independent of
the behavior of other sources in the network, and hence iso-
late the sources. Isolation of sources has been considered

""The concept of guaranteed rate clock is the same as the con-
cept of virtual clock in [16]. We coin a new term for the virtual
clock conceptto avoid any confusion between the general concept
of virtual clock and as it relates to the Virtual Clock scheduling
algorithm.

to be a very desirable property of scheduling algorithms,
especially in large heterogeneous networks where sources
may be malicious [1, 4, 9, 11]. This property is the ba-
sis for development of a conceptually simple method for
determining end-to-end delay bounds in section 3.

In the next few subsections we demonstrate that the GR
class includes Virtual Clock, PGPS and SCFQ with certain
rate assignments.

2.1 Virtual Clock

The Virtual Clock scheduling algorithm assigns each packet
a virtual clock value on its arrival and orders the transmis-
sion of packets by increasing virtual clock values. If flow
f is assigned rate r; at server ¢, then the virtual clock value
for packet pf, of flow f at server ¢, denoted by V C* (v}). is
computed as follows [16]:

VCi(p}) =0 (3)

o o o 4
VCi(p}) = max{A’(p;),VCZ(pf,‘l)}ﬁ—;— izl (4)

The following delay guarantee was presented in [12].

Define a flow to be active at time ¢ if V C? (p?-) > ¢ where
pj. is the last packet of flow f that has arrived before time

t. Let a*(t) denote the set of active flows at server i at time
t. Server 1 with capacity C? is defined to have exceeded
its capacity at time ¢ if 37, iy 7n > C°. Let I}, be
the maximum length of the packet served by server < and

Lo (prje ) be the time at which the transmission of packet }:r}
is completed. Then, if a server’s capacity is not exceeded

and flow f is assigned rate 7y,

l:na:v
(5)

Yolr) < VO()) + 22

Since the equations for virtual clock and guaranteed rate
clock are the same, it can be easily observed that if rate
7 is assigned to flow £, then the Virtual Clock scheduling

algorithm belongs to GR for flow f with 5* = l—%ﬂ&

2.2 Packet-by-Packet Generalized

Processor Sharing

The Packet-by-Packet Generalized Processor Sharing
scheduling algorithm is a practical realization of Gener-
alized Processor Sharing(GPS) service discipline [10]. In
fact, PGPS simulates GPS such that

lf’naw
= (6)

Lops(P}) < Lops(P)) +



where Lpgpg (p}) and L pg(p}) are the times at which

packet p} leaves server ¢ employing the PGPS scheduling
algorithm and the GPS service discipline, respectively, and
It .. is the maximum length of the packet served by server i
[10]. Hence, to show that PGPS belongs to the class of GR
scheduling al gorlthms we establish a relationship between

LGPS(P}) and GRC" (P})

In GPS, each flow f is associated with a constant d)} at
server ¢. GPS is defined such that if flow f is backloged at

1

. . . . ct .
time ¢, it receives service at the rate of ﬁ where C*
kebi(t) Tk

is the capacity of the server and b?(¢) is the set of backlogged
flows at GPS server i at time ¢t. Thus, a GPS serveris defined

t i

. . c
to have assigned rate r; to flow f if 2—% > 7y
kebi(4) 5

whenever flow f is backlogged. Hence, if flow f has been
assigned rate 7y, then

‘ , o , v
Lips(p}) < max{A*(p}), Lps (P} 1)} + ;f; i1

(7)
Let L pgs (p}) = GRC (p}) = 0. From (7) and (2) it can
be easily shown that

LiGPs(P;) < GRC{(P}) iz1 (8)

From (8) and (6) we get

. . o .
Lpgps(p;) < GRC'(p}) + %a,—z i1 (9)

Hence if rate r; is assigned to flow f at server 7 , then the
PGPS scheduling algorithm belongs to GR for flow f with

. l!
gt = e

2.3 Self Clocked Fair Queuing

The Self Clocked Fair Queuing scheme, proposed in {7],
was designed to facilitate the implementation of a fair queu-
ing scheme in broadband networks. The scheme is defined
as follows.

1. On arrival, a packet pr} is stamped with service tag
F'(p}), computed as:

Fi(p})=0 (10)

o 4
Fi(p}) = max{F'(p}” ),v’(A’(p})Hé ji>1
(11)

where ¢j, is a constant associated with flow f at server
i.

2. The server virtual time at time ¢, ' (¢), is defined to
be equal to the service tag of the packet being service
at time ¢. v*(t) = ¢ when the server is idle.

3. Packets are serviced in increasing order of their service
tags.

The following theorem proves that SCFQ algorithm also
belongs to the class of GR scheduling algorithms. Let ¢!
be the set of flows serviced by server ¢ empioying SCFQ
scheduling algorithm.

Theorem 1 Ify" . .irm < C'andVm € ¢ ¢, =
Tm, then the departure time of packet p’f in SCFQ (denoted
by LgCFQ(p;)) is given by

lma:c

(12)

Lis*CFQ(Pi;) < GRCi(P;) + Z

mectAm#f
where I7%7 is the maximum length for packets in flow m.

Proof: Let set B} be defined as follows.

By = {nln > 0A F'(p}~") < o' (A" (7))

Let £ < j be largest integer in B} Since packets of a How
are serviced in FCFES order, they form a queue. Let R, be
the set of packets of flow m, m # f, served in the interval
[4*(P}), Lscpo (P}, excluding the packet that was at the
head of its flow queue at time A® (p'}) Let v,,(f) be the
finish time of the packet at the head of the queue of tlow m
at time ¢. If no packet is present, then set v,,(¢) = v*(1).
Since SCFQ services packets in increasing order of the
service tags,

) ln ] ] n=j—k lk+n
AW + 3 <A+ Y L
n€Rm n=0 .
(13)
Since vm (A*(p})) > v* (A'(p})) we have
n=j—k lk+n
Z b < Z (14)
NERM f
n=j—k k-l—n
= }: " < Z —;m (15)
neER,, Y

By adding (15) over all flows other than f we have

n:j—klk+n
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