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Abstract

e 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
facilitates determination of end-to-end delay bounds for a
variety of sources. Weillustratethe method by determining
end-to-end delay bounds for sources conforming to Leaky
Bucket and Exponentially Bounded Bur stiness.

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
applicationsrequirethe network to provide awiderange 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 bresks 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 del ay in anetwork i sthe subject matter
of this paper.

The end-to-end delay of a packet depends on the source
traffic characteristics and the scheduling agorithm 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-
ca Round Robin [8], Rate Control Static Priority Queuing

[14], Self Clocked Fair Queuing (SCFQ) [7], Virtua Clock
[16] and Packet-by-Packet Generalized Processor Sharing
(PGPS) [10]. The problem of determining an upper bound
on end-to-end delay has aso 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 awide area networking environment, each switch
may employ adifferent scheduling a gorithm. Methodsfor
determining end-to-end delay of packetsin such heteroge-
neous environments have not received much attention.

In this paper, we take a step towards addressing the
above limitation by (1) defining aclass of Guaranteed Rate
(GR) scheduling algorithms, and (2) developing a method
for determining an upper bound on end-to-end delaysfor a
network of switches each of which employs a scheduling
algorithm in the GR class. We demonstrate that many of
the scheduling agorithms 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 del ay boundsfor aspecific scheduling
algorithm or a combination of scheduling agorithms.

The rest of the paper isorganized asfollows. In Section
2, we define the class of GR scheduling agorithms. In
section 3, we present amethod for determining end-to-end
delay boundsand 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 aratefor aflow and employ arate-based scheduling
algorithm. Based on thisrate 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 a gorithms.

The delay guarantees provided by these agorithms are
based on the guaranteed rate clock! values (intuitively, ex-
pected arrival time val ues) associated with each packet. To
define the guaranteed rate clock values, consider aflow f
that is associated with arate r¢ (in bits/sec). Let p‘} and

l‘} denote the j!* packet of flow f and its length, respec-
tively. Additionally, let GRC?(p}) and A’(p}) denotethe
guaranteed rate clock value and arrival time of packet p‘j;

at server ¢, respectively. Then, guaranteed rate clock value
for a packet is given by:

GRO'()) =0 (1)

o o o I
GRC(p}) = max{A'(p}), GRC'(p} 1)} + ri i>1

(2)
We use the guaranteed rate clock value of a packet to
define the class of GR scheduling agorithms as follows.

Definition 1 A scheduling algorithm at server ¢ belongs
to class GR for flow f if it guarantees that packet p‘} will

be transmitted by G RC? (p‘j;) + 3" where 3 is a constant
which depends on the scheduling algorithmand the server.

The concept of delay guarantee to a packet based on
its expected arrival time was introduced in [9, 12]. Asis
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 sourcesinthe network, and henceiso-
late the sources. |solation of sources has been considered

1 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 concept to 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,
especidly 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 boundsin section 3.

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

2.1 Virtual Clock

TheVirtua Clock scheduling a gorithm assignseach packet
avirtua clock value onitsarrival and orders the transmis-
sion of packets by increasing virtua clock values. If flow
fisassigned rater; at server 4, thenthevirtual clock value
for packet p; of flow f at server ¢, denoted by V' C'(p?,), is
computed as follows[16]:

VCi(pg) =0 (3)

VCH (py) = max{A'(p}), VC' (pifl)}Jré j=1(4)
The following delay guarantee was presented in [12].
Define aflow to be active at timet if V(" (p}) > ¢ where
p‘} isthe last packet of flow f that has arrived before time
t. Let a’(t) denote the set of active flowsat server i at time
t. Server i with capacity O is defined to have exceeded
its capacity at time ¢ if 3°, .70 > C'. Letl],,, be
the maximum length of the packet served by server ¢ and
Ly ¢ (p}) bethetimeat which thetransmission of packet p}
iscompleted. Then, if a server’s capacity is not exceeded
and flow f isassigned rater,

] j i linax
Lyc(p}) SV (p;) + i (5)

Sincetheequationsfor virtual clock and guaranteed rate
clock are the same, it can be easily observed that if rate

r; isassigned to flow f, then the Virtua Clock scheduling
agorithm belongsto GR for flow f with 3° = ’LC£

2.2 Packet-by-Packet Generalized

Processor Sharing

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

7

Lpaps(r}) < Laps(p}) + o (6)



where L' ph) and Li, .. (p,) are the times at which
pGps\Py aps\Py

packet p‘j; leaves server i employing the PGPS scheduling
algorithm and the GPS service discipline, respectively, and
11 .. isthemaximum length of the packet served by server i
[10]. Hence, to show that PGPS belongs to the class of GR
scheduling algorithms, we establish a rel ationship between
Lps (P‘jc) and GRC" (P‘})

In GPS, each flow f is associated with a constant ¢, at
server i. GPSisdefined such that if flow f isbackloged at

;€

timet, it recelvesserviceat therate of 7 whereC?
Zkeb’(t) k

isthe capacity of theserver and b'(t) isthe set of backl ogged
flowsat GPSserver i attimet. Thus, aGPSserverisdefined

to have assigned rate r; to flow f if LS - > 1y
Zkeb’(t) k

whenever flow f isbacklogged. Hence, if flow f has been
assigned rate r, then

: . o . v
Lgps (py) < max{A'(p}), Lgps(p} DY+ # jz1
. . (7)
Let Lizps(p}) = GRC'(p}) = 0. From (7) and (2) it can
be easily shown that

Laps (P‘}) < GRCi(P‘}) jz1 (8)
From (8) and (6) we get

] j i linax .
Lpaps(p}) < GRC'(p}) + i 12 L (9
Hence if rate r; is assigned to flow f &t server ¢ , then the

PGPS scheduling algorithm belongsto GR for flow f with
S

pr= =

2.3 Self Clocked Fair Queuing

The Self Clocked Fair Queuing scheme, proposed in [7],
wasdesigned to facilitatetheimplementation of afair queu-
ing scheme in broadband networks. The scheme is defined
asfollows.

1. On arrival, a packet p} is stamped with service tag
Fi(pY,), computed as:

Fi(p}) =0 (10)
o o o v
Fiph) = max{pl(p§—1)’vz(A2(p§)} + ¢LZ ji>1

(11)
where qu; isaconstant associated withflow f at server
1.

2. The server virtual time at timet, v*(t), is defined to
be equal to the service tag of the packet being service
atimet. v*(t) = t when the server isidle.

3. Packetsareservicedinincreasing order of their service
tags.

Thefollowingtheorem provesthat SCFQ algorithmalso

belongs to the class of GR scheduling algorithms. Let ¢!

be the set of flows serviced by server i employing SCFQ
scheduling agorithm.

Theorem 1 If Y .irm < CPandVm € ¢ : ¢l =
rm, then the departure time of packet p‘} in SCFQ (denoted
by Lsc o (P})) isgiven by

l%al‘

LgCFQ (P‘}) < GRCi(P‘}) + Z o (12)
mectAMm#AS

where [? isthe maximum length for packetsin flow m.

Proof: Let set B;L be defined as follows.
B ={nln>0A Fi(P?_l) < o' (A'(p})}

Let k < j belargest integer in B;. Since packets of aflow
are serviced in FCFS order, they form aqueue. Let R, be
the set of packets of flow m, m # f, served intheinterval
[AY(p}), LgCFQ(p§)], excluding the packet that was at the
head of its flow queue at time A’ (p}). Let v, (t) bethe
finish time of the packet at the head of the queue of flow m
a timet. If no packet is present, then set v, (t) = v*(t).
Since SCFQ services packets in increasing order of the
service tags,

. ZZ,L . . n=j—k lk+n
(A )+ Y <A+ Y L
NERm n=0 I

(13)

n "
P D D (14)
nER, n=0 f
n=j—k lk+n
= > m< Y L, (15)
neR., n=0 r

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

n=j—k lk-|—n

22X s = )

meciAm#f nERy, n=0 f mec*Amzf

rm (16)



Adding -1 =3~" 5" to both sides of the equation

n=j—k n=j—k lk+n
DI D VLA D D L
mectAm#f n€ER, meet
(17)
> mecinmeps Doneng mtdncs T
= < Zf Gg
sk 7
<l o leme 1y
Sincey", coi Tm < C7,
n n=j—i n n=j—k jk+n
ZmEc’/\m;ﬁf ZnERm lm + Zn:{) l?-l_ < ZJ: l -
CZ B n=0 7°f
(19)

The left hand side of (19), denoted by 7', is the time
spent in servicing the packets of flow f and packets of
flows m(m # f), excluding the packet which was at the
head of the flow queue a time A’ (p}; ), before p; departs.
Sincethe server may spend sometime servicing the packets
that were at the head of the flow queues, we have

A+ Y

mectAMm#AS

lmax

+T > Lscrg (Pf) (20)

where!]*” isthe maximum length of flow m packet. From
(19), we get

lmax n=j—k k"‘” )
AP+ > + Z (¥})
mectAm#ZS
(21)
From (2) we get

max

= > LgCFQ (p)  (22)

GRC'(p))+ )
mectAm#ZS
|
Henceif 5 c..mm < CtandVm € ¢t : ¢! = 1y,
then SCFQ scheduling agorithm belongs to GR for flow

fwithgh =3 iAmaf l’g— Note aso that theorem
1 provides a tight bound over al rate assignments. An
arrival sequence in which the upper bound is realized can
be constructed from the proof steps.

3 Determining End-to-End De-
lay Bounds

3.1 Method

A simple method for determining a bound on end-to-end
packet delaysis to consider each server in isolation, and

compute the summation of the maximum delay at each
server aong the path from the source to the destination [ 2,
3]. Thoughthismay betheonly feasi bleapproach for many
scheduling algorithms, it has the foll owing drawbacks:

¢ Duetothevariability inthede ay experienced by pack-
efs at a server, the shape of the traffic gets distorted
as it traverses through the network. Therefore, even
if a source traffic specification is known at the first
server on the path of the flow, it is difficult to deter-
mine the specification at a server further down on the
path. This makes determining the delay at each of the
server difficult.

o Inmany service disciplines, if a packet experiences a
highdelay at a server, it may experience alower delay
a the next server along the path. If each server is
considered in isolation, the dependence between the
delay experienced by packetsat different serversisnot
accounted for, and hence the bound on the delay may
be very conservative.

In this section, we address these limitations by present-
ing a method for determining end-to-end delay bound by
analyzing the path as awhole. If the scheduling algorithm
at each of the server on the path of the flow belongsto GR,
then the delay guarantee of the algorithm can be exploited
to determine end-to-end delay bound. Thiswasillustrated
in [9] for the Virtual Clock scheduling algorithmin Burst
Scheduling networks for a particular source specification.
Our key insight is that by deriving a delay guarantee for a
network of servers, the problem of determining end-to-end
delay can be reduced to the problem of determining delay
at asingle server.

Let K bethe total number of servers aong the path of
aflow, and let the ;' server on the path be denoted by i.
Also, let server 0 be the source and server X + 1 be the
destination. Since server K guarantees that packet p‘} will

be transmitted by G RCE (p‘j;) + 3% and the packet arrives
at thefirst server at time Al(p‘j;), the end-to-end delay of
P} isgiven by

di < GRCK(p}) + ™ — A1 (p)) (23)

wherea = g& 4 75 K+l gnd 7K. K+1 jsthe propagation
delay between server K and thedestination.
Observe that GRC* (p}) depends on A™ (p’), which

in turn depends on GRCK‘l(p‘j;). Applying this argu-
ment recursively G:RC' (¢}) can berelated to GRC ().

Since GRC (p', +) is completely determined by the arrival
characteristics of the source and the rate associated with
the flow, the end-to-end delay can be determined if source
specification is known. In what follows, we first relate



GRC™ (p}) to GRC' (p)
delay to GRCl(pf).

) and then relate the end-to-end

Lemma 1 Ifthescheduling algorithmat server ¢ belongs
to GRfor flow f , then
lk
)—I— max - + o j>1
kefl..4] Ty
(24)

wherea’ = 3 4+ rHit+! and r-i+1 isthe propagationdelay
between servers: and ¢ + 1.

GRCHY(p ) < GRC'(p,

Proof: The proof isby inductionon j.
Base Case: j =1

At ph) + ﬁ (25)

GRC™ (p}) =
rt

Since scheduling algorithm at server i belongs to GR for
flow f, A1 (p}) < GRC(p}) + of. Hence

noo
)+ Lol (26)

i+1/ 1 <

GRC' (py

lk

< i - 2

< GRC (pf) +kIelElaX1] - Ly a(27)
Therefore (24) holdsfor j =1
Induction Hypothesis: Assume (24) holds for 1 <
J<m.
Induction: We need to show (24) holdsfor 1 < j <
m+ 1.

GRCH(p m+1) = max{AiH(pTH),
) lm+1
GRO™TH(p)} + L— (28)
rt
Since scheduling agorithm at server i belongs to GR for
flow f, AT+ (pPH) < GRCI(PPH) + o Hence
GRC*(p m+1) < maz{GRC'(p m+1)—|—o/,
) lm+1
GRO™M (7)) + L (29)
f

Thus, there are two cases to consider:

L If GRCY(pFT!) + o' > GRC™(p}
(29) we get

), then from

m+1
GRO™N(p ) < GRCY(pp ™) + L—+ o
!

(30)

Since max (1. m+1] =

GRCZ-H( m+1) <
k

max - + o (31)
ke[l.m+1] Ty

2. If GRC' () + o' < GRC™(pT'), then from
(29) we get
) lm+1
GRCz+1( m-I-l) SGRCZ-H(])T)—I— fr_ (32)
f

Using induction hypothesiswe get,

GRCH' (PPt < GRC'(pF)+
k lm+1

f

max ——|— + 633

ke[l.m] Tp ()3 )
m41

Since GRC'(p)H) > GRC(pT) + L— and

Tf

k m41
L,
mMaXgell..m+1] vy > vy !

GRCZ-H( m+1) < GRCZ( m+1)_|_
lk
max -+ +a (34)
ke[l.m+1] Ty
From (31), (34) and the induction hypothesis, we con-
cludethat (24) holdsfor 1 < j < m+ 1. Hencethelemma
follows. H

Theorem 2 If the scheduling algorithm at each of the
servers on the path of a flow belongsto GRfor flow f, then
the end-to-end delay of packet p; denoted by d; isgiven by

ln n=K

' 1(,J 1
dt < GRC™(p})— A (p} )—I—(A—l)nlerha)i]ﬁ—l— a”

(35)
where o™ = 37 + 77+ and K isthe number of servers
on the path of the flow.

Proof: Since server K guarantees that packet p‘j; will
be transmitted by time GRCX (1) + 8% and the packet
arrives at thefirst node at time A'(p}),

&y < GRCK(p}) + o — A (p}) (36)

Sincethe scheduling algorithmat each server on the path of
the flow belongs to GR, by repeated application of lemma
1, we conclude that:

n=K-1

GRCE < GRCY(P)+(K-1) - n
() (7)) +(K nlenfuirﬁ;a

(37)



The theorem follows from (36) and (37). B

Noticethat o™ = 3" + 7" *1. Hence, it is completely
characterized by the scheduling algorithm and the propa
gation delay in the network. The remaining termsin (35)
depend on the source traffic specifications, and are evalu-
ated in the next section.

3.2 Source Traffic Specifications

A source traffic is specified by characterizing the number
of bitsthat arrive at the network over an interva of time.
Let AP}(t1,t) be afunction that denotes the flow f bits
that arrive in the interval [¢;,¢;] a server i. The bitsof a
packet are considered to have arrived only after the arrival
of the last bit of the packet. Hence, the arrival function
consistsof an impulse at each packet arrival instantsand is
right continuous. Also AP (t, ) isthelength of the packet
that arrives at timeinstant ¢.

As may be evident from theorem 2, to determine an
upper bound on end-to-end packet delays, we must relate
the guaranteed rate clock value of a packet to its arriva
time at thefirst server. To achieve this objective, we define
set S} for flow f at server i asfollows:

St = {nln > 0 AGRC (p2~Y) < A'(p})}

From the definitions of guaranteed rate clock and set S} it
can be shown that for each packet p/}

. . e
GRC'(p}) = AT (i) + Y / (38)

r
n=0 I

where k < j is the largest integer belonging to set S;L.
Since 37, 207" 5T = APH(A(9]), A (1)), we get

N APL(AY(ph), A'(p}))

GRC'(p}) = A'(pf) .

(39)

Using theorem 2 and (39), we will now determine deter-
ministic end-to-end delay bound for Leaky Bucket sources
(a deterministic source characterization) and upper bound
on the tail distribution of the delay for EBB sources ( a
stochastic characterization).

3.2.1 Leaky Bucket

A flow f conformsto Leaky Bucket [10] with parameters
(of,7y) if

APf(tl,tz)SO'f—i—?“f(tz—tl) tlgtz, t120 (40)

Theorem 3 If flow f conforms to a Leaky Bucket with
parameters (o, r¢) and the scheduling algorithmat each
of the server on the path of a flow belongs to GR for the
flow, then the end-to-end delay of packet p; denoted by d%
isgiven by

n=K

+ > a" (41)

n=1

o+ (K = 1)max,ep jl}
ry

J
dh <

where o™ = " + 7»"t! and K isthe number of servers
on the path of the flow.

Proof: Letk < j belargest integer belonging to set S} .
Clearly, such a £ must exist. Since flow f conforms to
Leaky Bucket specification, we get

APHAN(ph), A (p))) < o +1p(ANP) — AX(PF))

(42)
Hence, from (39) we get,
GRC'(p)) < ZL 4 A () (43)
rt
which implies
: : o
GRC'(p}) — A'(p}) < # (44)

Theorem 3 followsfrom (44) and theorem 2. B

We note that the if the scheduling algorithm used at
each of the servers is ether of Virtua Clock and PGPS ,
then bound in (41) is as tight as bound in [10] for Rate
Proportiona Processor Sharing (RPPS) rate assignment of
PGPS networkswhen thesourcesconformto L eaky Bucket.

3.2.2 Exponentially Bounded Burstiness

A flow f conformsto an Exponentially Bounded Burstiness
(EBB) [13] process with parameters (v, Ay, v¢) , if
Pr(APj(ty,t2) > rp(ta —t1) + z) <
Afe—’fo‘ xr Z 0 tl S tz (45)
Theorem 4 If flow f conformsto EBB with parameters
(ry, Af,~vy) and the scheduling algorithm at each of the

server onthe path of a flow belong to GRfor the flow , then
the end-to-end delay of packet p; denoted by d; isgiven by

n n=K
: - gy ma%nep ! n
Pr(d‘}Zr—i—(A—l)Tf—l— g_la) <
Ape™W%T5 2 >0 (46)

where o™ = 8" 4+ 7" Tland K isthe number of servers
on the path of the flow.



Proof: Letk < j bethelargest integer belonging to set
S}. Clearly such ak must exist. By the definition of EBB
process, we have

Pr(APHAMN), A (1)) 2 s (A () — A*05)) + )
SApe™Y y > 0(47)

which implies

. (AP}(A(pﬁ),Al(p‘}))
rs

iv Y
+ Al (p}) —Al(p‘})r—)
<Ape™Y y >0 (48)

From (39 we have

Pr (GRC’l(p‘j;) —Al(p‘j;) > i) <Ape™MY 4y >0

rs
(49)
The theorem followsfrom (49) and theorem 2. B

3.3 Discussion

Theorem 2 demonstrates that a heterogeneous network of
servers, each of which employs a scheduling algorithmin
the GR class, can provide an upper bound on end-to-end
packet delays for heterogeneous sources. Additionally, the
salient features of the class of GR scheduling agorithms
and the method for determining end-to-end delay bounds
include:

¢ An end-to-end delay bound can be determined for any
sourcetraffic specification for which abound on differ-
ence between the guaranteed rate clock and the arrival
time of a packet at the first server can be determined.
Since this difference is only a function of the source
traffic characteristics and the rate associated with the
flow, it is simple to determine an end-to-end delay
bound. Moreover, thisdifference can beinterpreted as
delay experienced by apacket at a single queue server
with capacity r;. Hence, queuing analysis can aso
be used to determine a bound on the tail distribution
of delays experienced by packets for a conventional
stochastic process characterization.

e A source can determine end-to-end delays without
specifying the shape of the traffic to the network by
keeping track of guaranteed rate clock values associ-
ated withit'sflow at thefirst server. Such acapability
isimportant as the source may not have a good char-
acterization of the traffic or the characterization may
not be known a priori. Moreover, even if the charac-
terization is known, it may not conform to the set of
characterizations supported by the network. Finally,

this capability allows the source to decide when to
renegotiate the reserved rate.

The method derives it's simplicity from the constraint
placed ontherate assi gnmentsin the scheduling a gorithms.
Notethat the constraint we have placed on rate assignments
for PGPS so that it belongsto GR is similar to Rate Pro-
portional Processor Sharing (RPPS) [10]. Such constraints
alow each flow to be considered in isolation and hence
facilitate the determination of delay bounds for each flow
independently. If this congtraint is relaxed to derive de-
lay boundsfor more general rate assignments, assumptions
about the behavior of the other sources in the network may
have to be made. In such scenarios, however, the QoS
guarantees provided to each flow may be conditiona since
sources may be greedy and not conform to the specifi-
cations [11]. Moreover, if hardware traffic enforcement
mechanisms are used, the probability of failure of one of
the numerous pieces of enforcement hardware may not be
negligible, thereby weskening the guarantees. Hence, we
believe that the constraints on rate assignments described
above are not alimitation, but in fact are highly desirable.

4 Conclusions

In this paper, we have defined a class of Guaranteed Rate
scheduling algorithms.  The GR class includes Virtua
Clock, Sef Clocked Fair Queuing and Packet-by-Packet
Generalized Processor Sharing. For networks that employ
scheduling a gorithmsbelonging to GR, we have presented
a method for determining an upper bound on end-to-end
packet delays. The method facilitates determining end-to-
end delay for a variety of sources. We have illustrated
the method by determining end-to-end delay for sources
conforming to Leaky Bucket and Exponentially Bounded
Burstiness. The delay bounds that we have derived are
parameterized by the scheduling algorithms which when
instantiated with Virtual Clock and SCFQ scheduling a go-
rithms, lead to many new results.
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