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Generalized Guaranteed Rate
Scheduling Algorithms: A Framework

Pawan Goyal and Harrick M. Vin

Abstract—In this paper, we define a class of generalized will be met. Mechanisms for providing these guarantees must
Guaranteed Rate (GR) scheduling algorithms that includes al- gddress:

gorithms which allocate variable rate to packets of a flow. We
define work-conserving generalized Virtual Clock, Packet-by-
Packet Generalized Processor Sharing, and Self-Clocked Fair
Queuing scheduling algorithms that can allocate variable rate
to the packets of a flow. We also define scheduling algorithms
suitable for servers where packet fragmentation may occur. We
demonstrate that if a class of rate controllers is employed for
a flow in conjunction with any scheduling algorithm in GR,
then the resulting non-work-conserving algorithm also belongs to
GR. This leads to the definition of several non-work-conserving
algorithms.

We then present a method for deriving the delay guarantee
of a network of servers when: 1) different rates are allocated
to packets of a flow at different servers along the path and
the bottleneck server for each packet may be different, and

¢ Heterogeneity in Source Traffic Characteristid$e traf-

fic characteristics of multimedia sources differ signifi-
cantly. For example, whereas many audio applications
require constant bit rate, resource requirement of appli-
cations transmitting variable bit rate (VBR) compressed
video sequences varies significantly over time.
Heterogeneity in the Network CharacteristicEurrent
networks are, and future networks will remain, hetero-
geneous along several dimensions. For example, in a
large network consisting of several autonomous domains,
switches may employ different scheduling algorithms.
Furthermore, due to the variation in the size of data

2) packet fragmentation and/or reassembly may occur. This

delay guarantee enables a network to provide various service
guarantees to flows conforming to any specification. We illustrate
this by utilizing delay guarantee to derive delay bounds for flows

conforming to Leaky Bucket, Exponentially Bounded Burstiness,

and Flow Specification. Our method for determining these bounds
is valid in internetworks and leads to tighter results.

transmission unit in internetwork environments (e.g., an
internetwork consisting of ATM, FDDI, ethernet, and
token ring), packet fragmentation and/or reassembly may
also occur in the network.

In such heterogeneous environments, the techniques for
providing QoS guarantees should be flexible enough to accom-
modate: 1) a wide range of traffic specifications; 2) variable
rate allocations for a source; 3) a variety of scheduling
algorithms at the switches; and 4) internetworking environ-
ments (in which fragmentation and reassembly may occur).
A framework for meeting these requirements is the subject
atter of this paper.

Index Terms—Computer networks, packet scheduling.

I. INTRODUCTION

A. Motivation

UE to the inherent characteristics of audio and videg,]

many multimedia applications (e.g., audio and videg. Relation to Previous Work
conferencing, multimedia information retrieval, etc.) require
the network to provide a wide range of Quality of Servic?o
(QoS) guarantees with respect to bandwidth, packet dela
delay jitter, and loss. To enable a network to provide s
guarantees, sources specify their traffic characteristics.

The sequence of packets transmitted by a source is referred
as aflow [26]. Each packet within a flow is serviced by

u Sequence of servers (or switching elements) along the path
ﬁﬁ%m the source to the destination in the network. To provide
uaranteed QoS to flows, several scheduling algorithms have

”e‘WOTk’ on the other' hand, provides QoS guarantees bgen proposed in the literature [9], [18], [25]-[27] (see [23]
reserving and scheduling network resources in accordar?cre an in-depth exposition and of the algorithms and their

with the specifications. The traffic specification and the Qo racteristics). Most of these algorithms can be classified
guarantees constitute a “contract” between the network ah ): 9

a source: the network guarantees that, as long as the Sog%h eing either work-conserving or non-work-conserving and

, ' e : : er allocating only rate or separating rate and delay allo-
conforms to its traffic specification, its QoS requirements . S
P Q d cation [23]. A fundamental characteristic of most of these
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In addition to a variety of scheduling algorithms, to providevhen: 1) different rates are allocated to the packets of a flow
QoS guarantees, a wide range of traffic specifications have adgalifferent servers along the path and the bottleneck server
been proposed in the literature [15], [18], [22], [25]. Howevefpr each packet may be different, and 2) packet fragmentation
most of the techniques for providing QoS guarantees have oalyd/or reassembly may occur in the network. We utilize the
investigated specific combinations of traffic specification ardklay guarantee of a network of servers to obtain an upper
scheduling algorithms [3], [4], [15], [18], [22] (see [23] forbound on end-to-end delay. We illustrate the end-to-end delay
description of the analysis methods). This limitation has be&ound computation for flows conforming to Leaky Bucket,
partially addressed in [2], [8], [10], and [24]. A general methoBxponentially Bounded Burstiness, and Flow Specification
for analysis of a network of servers employing heterogeneofl$].
non-work-conserving algorithms has been developed in [24].The rest of the paper is organized as follows: In Section I,
This approach has been generalized in [8] to analyzew® define the class of generalized GR scheduling algorithms.
network employing a larger class of work-conserving as wellhe method for deriving delay guarantee for a network of
as non-work-conserving algorithms. A class of Guarantesérvers is presented in Section Ill. We utilize the delay
Rate scheduling algorithms [which was shown to includguarantee to derive end-to-end delay bounds in Section IV.
Virtual Clock, Packet-by-Packet Generalized Processor Shkfnally, Section V summarizes our results.
ing (PGPS), and Self-Clocked Fair Queuing (SCFQ)], and a
method for determining end-to-end delay bounds for sources
with different characteristics in a network of Guaranteed
Rate servers has been presented in [10]. However, none oMany of the scheduling algorithms proposed in the literature
these approaches analyze a network of servers when varighlarantee a deadline (referred todeday guarantedg21]) to
rate may be allocated to the packets of a flow and paclepacket of a flow based on iexpected arrival timeln [10],
fragmentation and/or reassembly may occur. we defined the delay guarantee of a packet by associating
a guaranteed rate clockalue with each packet. The class of
guaranteed rate scheduling algorithms was defined to consist of

In this paper, we generalize the class of Guaranteed Ratgorithms that guarantee that a packet would be transmitted by
scheduling algorithms to include scheduling algorithms thag guaranteed rate clock value plus some constant. However,
may allocate variable rate to the packets of a flow. The clasifice the guaranteed rate clock value was defined based on the
of generalized Guaranteed Rate (GR) scheduling algorithesnstant rate associated with a flow, the guaranteed rate class
guarantee a deadline (referred to @slay guaranteeto a did not include scheduling algorithms that assign variable rate
packet based on its expected arrival time. The delay guarantee¢he packets of a flow. We generalize the definition of the
of these algorithms is independent of a traffic specificatiqquaranteed rate class to include such scheduling algorithms.
and the behavior of other flows at the server. We define The generalized guaranteed rate class (hereafter referred to
work-conserving generalized Virtual Clock, PGPS, and SCF&3 GR) is defined based on the generalized guaranteed rate
scheduling algorithms that can allocate variable rate to tbck value (hereafter referred to as guaranteed rate clock
packets of a flow, and show that they belong to GR. To proy&RC) value) of a packet. To define the guaranteed rate
that many scheduling algorithms belong to GR, we employciock values, Ietp} and l}{ denote thejth packet of flow
proof methodology (similar to that in [12] and [18]) in which¢ and its length, respectively, and let’* (bits/s) be the
we first show that a preemptive equi\./alent. of the algerith%te allocated to packqﬁj; at serveri (observe that each
belongs to GR, and then utilize a relationship (also derived

. ; ; H%\cket may be allocated a different rate). Additionally, let
this paper) between preemptive and nonpreemptive schedulyﬁgpg) denote the arrival time of packp# at serveri. Then,
algorithms to show that the nonpreemptive algorithm belon J

S i .
to GR. This methodology leads to the definition of Severgluaranteed rate clock value for pacboetat serveri, denoted

scheduling algorithms in GR that are suitable for servers & GRC(pj, r;"), is given as
which packet fragmentation may occur. The algorithms that N ir i =1 =1,
we define for such servers reduce computational complexityGRC (P> ") = max{A (pp), GRC (py sy}
as well as delay incurred by packets. Finally, we demonstrate l}
that if a rate control element is employed in conjunction with -
any scheduling algorithm in GR on per flow basis, the

resulting non-work-conserving algorithm also belongs to Gghere GRCi(p(}, T%i) = 0.! The first term on the right

(thlS leads to the definition of several SChedUling algorithmﬁhnd side of (1) can be interpreted as the expected arrival
and enables a network to support flows with different delay-

Jiter requirements. . _apacket does not include the link-level header. To accommodate the effect of
The delay guarantee of the GR class enables a _smgrllﬁ-level headers, we require the actual rate allocation, denotex!,By at
server to provide service guarantees to flows conforming d@ver; to be such that’. Jrit = (1 +T0%) /7% wherel) " is the length
any specification. To enable a sequence of servers to provi@énk-level header at server Consequently, guaranteed rate clock value of
Slmllar Serv|ce guarantees’ we generallze the method presem@a:ket with and without the link-level headers is the same. Hence, in this

. . aper we will always refer to the guaranteed rate clock value of a packet
n [10] to derive the delay guarantee of a network of Server\%i'chout the link-level headers. Note that an upper bound on overhead due to

each of which employs a scheduling algorithm in the GR clas@k-level headers can be derived using a lower bound on packet lengths.

Il. GENERALIZED GUARANTEED
RATE SCHEDULING ALGORITHMS

C. Research Contributions of This Paper

1)

i
Ty

1Since link-level header length may vary in an internetwork, the length of
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time and the second term as thedeadline of a packet. Tthe highest priority by possibly preempting the transmission
definition of guaranteed rate clock is based on virtual cload a packet with lower priority. In contrast to preemptive and
[26]. Guaranteed rate clock value and virtual clock valueonpreemptive algorithms, partially preemptivescheduling
of a packet are same when constant rate is allocated to #igorithm ensures that the packet in service is the packet with
packets of a flow. We have coined a new term for the virtu#tie highest priority after the transmission of every fragment
clock concept to differentiate between the general conceptadfa packet.
virtual clock and as it relates to the Virtual Clock scheduling Partially preemptive algorithms would be helpful in defining
algorithm. We use the guaranteed rate clock value of a packeheduling algorithms suitable for servers where fragmentation
to define the class of GR scheduling algorithms as follows.may occur. Furthermore, nonpreemptive algorithms are a
Definition 1: A scheduling algorithm at servérbelongs to subset of partially preemptive algorithms. Hence, in Theorem
class GR for flowf if it guarantees that pack@i} will be 1 we establish a relationship betweequivalentpreemptive

transmitted byGRC'(p/,7/") + 3 where 3" is a constant and partially preemptive scheduling algorithms. A partially
which depends on the scheduling algorithm and the serverpreemptive scheduling algorithm is considegggliivalentto a
As is evident from the definition, two key properties oPreemptive algorithm if the priority assigned to all the packets
the class of GR scheduling algorithms are: 1) they provide the same in both the algorithms.
a delay guarantee for a source independent of the behaviof heorem 1:Let PS be a work-conserving preemptive
of other sources in the network, and thereby isolate t§€heduling algorithm that assigns prioribys(p?) to packet
sources, and 2) the delay guarantee is independent of’a Schedules packets in the increasing order of priority
traffic characterization. Whereas isolation of sources enabledl guarantees that regardless of the arrival pattern of other
network to provide stronger guarantees and is highly desiradh@ckets, packet’ will be transmitted byLps(p”). Let PPS be
especially in large heterogeneous networks where sources rigyequivalent partially preemptive scheduling algorithm, then
be malicious [5], [15], independence of delay guarantee from
traffic characterization enables a server to provide various QoS ; A ; lnax
guarantees to flows conforming to any specification. Lers(p?) = Lrs(p?) < C (2)
In the following subsections, we show that many of the
work-conserving as well as non-work-conserving schedulinghere Lppg(p?) denotes the time a packet leaves the server
algorithms that either allocate only rate or separate rate antlen PPS scheduling algorithm is employed. Afsq. is the
delay allocation belong to GR. To show that a scheduling algaraximum length of a packet fragment a6itlis the capacity
rithm belongs to GR, we would be required to prove a bourgf the server.
on the departure time of a packet. As observed in [5] and [12], Though Theorem 1 is superficially similar to Theorem 1 of
it is typically easier to bound the departure time of a packet ju8], as illustrated in [7], Theorem 1 of [18] is not applicable
preemptivescheduling algorithms. Hence, even though packet some of the algorithms (for example, Virtual Clock) that
scheduling algorithms are inherentipnpreemptivén nature, we will be considering.
to show that a scheduling algorithm belongs to GR, we employWe now show that, using Theorem 1 wherever applicable,
a proof methodology, similar to the methodology in [12most of the work-conserving and non-work-conserving sched-
and [18], in which we first prove a bound on the departungling algorithms that either allocate only rate or separate rate
time of a packet in preemptive scheduling algorithm, arahd delay allocation belong to GR.
then use a relationship between the departure times of a
packet in equivalent preemptive and nonpreemptive scheduling
algorithm. In what follows, we establish a relationship betweasl \ork-Conserving Algorithms
preemptive and nonpreemptive scheduling algorithms. Due to
lack of space, the proofs of the results are omitted and canl) Variable Rate Allocation Algorithmsin this section, we
be found in [11]. define work-conserving generalized Virtual Clock, PGPS, and
SCFQ algorithms that allocate variable rate to packets of a
flow and show that all of these scheduling algorithms belong
A. Preemptive and Nonpreemptive Scheduling to GR. These algorithms have different delay and fairness
properties as well as implementation complexity, and hence
Many of the scheduling algorithms that we will considerdemonstrate that the GR class is broad (an exposition of these
assign a priority to a packet on its arrival and then schedule thigorithms along these dimensions can be found in [9], [18]).
packets in the priority order. In these scheduling algorithmsVee will analyze the algorithms assuming that rate allocation
packet with higher priority may arrive after a packet with lowemay vary with every packet. However, a particular network
priority has been scheduled. honpreemptivecheduling algo- architecture may choose to allocate variable rate for every
rithms, transmission of a lower priority packet is not preemptedessage [15], in response to change in reservation [13], or
even after a higher priority packet arrives. Consequently, sueimploy some other policy. These policy issues are the subject
algorithms ensure that the packet in service is the packdtfuture investigation and beyond the scope of this paper.
with the highest priority only after the transmission of every  Virtual Clock: We define generalized Virtual Clock (VC)
packet. On the other hand,paeemptivescheduling algorithm scheduling algorithm analogous to the Virtual Clock algorithm
always ensures that the packet in service is the packet wi#6]. The generalized VC algorithm is defined as follows:
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1) On arrival at servet, packetpj that is assigned rate Packet-by-Packet Generalized Processor Shariige
7}1 is stamped with virtual clock value, denoted by’acket-by-Packet Generalized Processor Sharing scheduling
algorithm is a practical realization of Generalized Processor
Sharing (GPS) service discipline [18]. We first show that GPS
belongs to GR and then show that a generalized virtual time
implementation of PGPS belongs to GR.

VCi(pf7 7’?”), computed as

VCi(p}7 7}1) = max {Ai(p;)7 V(;i(p}'—l7 7,;’—1,1‘)}

l} In GPS, each flowf is assigned a constamﬁc at server
+ pli ¢. To allocate variable rate to packets of a flow, we associate
4 d)]f” with packetp}. From the definition of GPS we know

where VC‘(pE%, T?C,Z) — 0. that at timet, packetpf will be serviced at the rate of

2) Packets are serviced in increasing order of the virtu&F C'/ Zrevi 1y % Where packepy of flow k is in service
clock value. at time ¢, b*(¢) is the set of backlogged flows at GPS server

nf‘g:t timet, and C* is the capacity of the server. Hence, we

We show that generalized VC belongs to GR by first provi : ) >t ’
fine a GPS server to have assigned rgté to packetp;

a bound on the departure time of a packet in preemptive V

To do so, let us first defin&(¢) for flow f as follows: if ¢3'C' Yhery$" = vy as long as the packet is in
service. Therefore, if packei; is assigned rate'y ', it is
Ri(t) = served at least at ratel’’. Since GPS serves packets of a
7,;,27 if 35 5 [Ai(;pj‘)js 0 [Vci(p]f—l’ 7,1)(—1,2) < t(g) flow in FCFS order, we get
< ifnd 000 . N . N . .
0. o) Lises(p) < max{ 47, Lirs(p] ™)
ly .
Let S be the set of flows served by seniefThen servei + 5 JzL (4)
with capacityC’ is defined to have exceeded its capacity at )
time ¢ if 3, .o Ri(t) > C*. The following theorem bounds . o o 0 _
the departure time of a packet in preemptive VC. Let Leps(py) = GRC'(py,7y") = 0. From (4) and (1), it
Theorem 2:1f a server's capacity is not exceeded, then thg2n be shown that
departure time of packqt} in preemptive VC, denoted by ; ; Y
Livo(p}), is at most VC(p}, /), e, L volp) < ars(py) < GRC(pp 37). ©

VC'(pf.rf).
Since preemptive VC algorithm is work-conserving an
guarantees that packef will be transmitted by VC(p;,77")

Hence, GPS belongs to GR. We now define a virtual time
anlementation of packet-by-packet GPS which is a general-
: i ization of the implementation in [18]. Let'(¢) be the virtual
for any arrival pattern of packets, using Theorems 1 arf.’l‘?ie associated with serverat time ¢. Let +*(0) = 0 and

2, we conclude that the departure Flme .Of pacbo#t n v*(t) not change when no packet is backlogged. Otherwise,
generalized Virtual Clock, denoted b4 (p}), is at most gefine vi(t) as:

VCZ(pJJU 7,;72) + l}inax/ci’ i'e" LZVC(pJJC) S ch(p}jT;’Z) + . .

1% /C* whereC is the capacity of the server afy], is the dv'(t)  C"
maximum length of a packet serviced by servefince the at Z (/)a;i'
equations for virtual clock and guaranteed rate clock are the b
same, we conclude that generalized Virtual Clock scheduling
algorithm belongs to GR for flow with 5* =1} . /C". P, j ird iy aa
Observe that generalized Virtual Clock is Worﬁ-conservinBeflne finish time of packep, denoted byl (py. ¢") as:
and permits variable rate to be allocated to the packets of . , ., i is g i G—1 j—l,i

a flow as long as a servers capacity is not exceeded. This Fpg, ¢§") = max f{” (A'(py)); (py g ¢y ")

is in contrast to the non-work-conserving Burst Scheduling l}

algorithm presented in [15] in which Virtual Clock scheduling + (/)j,i @)
algorithm has been employed to allocate variable rate by 4

defining the notion of aractive flow A flow has a constant i 0 .0 . .

rate allocated to it as long as it is active. Rate assignment of/geres (v, ¢,°) = 0. Using Theorem 1 of [18], it has been
flow is changed only after it makes a transition from active hown in [11] thatl b ps(p7) < Lips(Pf) +nax/C"- Thus,
inactive state. Hence, to allocate variable ratiiow regulator from (5), we getLpgps(pf) < GRC (p7,77") 4 liyan/C*.
which enforces such transitions is required to be implementelénce, PGPS scheduling algorithm belongs to GR for ffow
at each server. Additionally, a server is required to time stamgth 5* = ¢ _/C".

a packet with the difference between the packets deadline and Self-Clocked Fair QueuingThe  Self-Clocked Fair
actual departure time. Generalized Virtual Clock does not ha@eieuing scheme, proposed in [9], was designed to facilitate
any such requirements, and hence reduces the implementati@ implementation of a fair queuing scheme in broadband
complexity. networks. We define a generalized SCFQ algorithm which

(6)

kebi (1)
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can allocate variable rate to packets of a flow analogous tolt was shown in [6] and [27] that if certain schedulability

SCFQ as follows: conditions are met and the minimum inter-arrival time of
1) On arrival, a packep/ is stamped with service tagPackets is at least;/r;, then a packet would depart by
Fi(p;ﬂ,;ﬂ), computed as: Dz(p}). However, in a networking environment even if the

R i iy i el el minimum inter-arrival time is at leadt;/r} at the network
YO B B AN Gl AT e .J—1, . . .
F'(py, ry") = max {v'(A"(ps), F"(py ", vy ")} entry point, it may become smaller thdp/r} at a server

g){' which is downstream on the path of a flow. This problem
+ 53 was addressed in [14] and [27] by requiring the clocks of
"y the servers to be synchronized. We demonstrate that this
where Fi(p?ﬂ,;}o) -0 iS an unnecessary restriction by proving in Theorem 4 that

regardless of the inter-arrival time of packets, preemptive

2) The server virtual time at tim& v*(t), is defined to be P "
rTln)_“elay EDD guarantees that pack@ will be transmitted by

equal to the service tag of the packet in service at ti

t. vi(t) = t when the server is idle. D'(py). We then use this property to show that Delay EDD
3) Packets are serviced in increasing order of their servieglongs to GR.
tags. Theorem 4:If S is the set of flows serviced by the server
Define R}(v) for flow f as follows: and
R}(v) = Vit > 0: Z max {0, [(t_lw—‘ %} <t 9)
i 303 WD) S WA F e ) e |
<wv< Fz(pfu 7’}’ ] then the departure time of packp}i in preemptive Delay

0,  otherwise. EDD, denoted byL{_ppp(pf). is at mostDi(p}), ie.,

Let S be the set of flows served by servierThen server L%-EDD(P}) < Di(p}).
with capacityC" is defined to have exceeded its capacity at
virtual time v if 3> ¢ R (v) > C°. The following theorem
proves that generalized SCFQ algorithm also belongs to

Since Delay EDD guarantees that pachfétwill be trans-

itted by Di(p}) regardless of the arrival pattern of the
class of GR scheduling algorithms. packets, from Theorems 1 and 4, we conclude that the time

Theorem 3:If the server's capacity is not exceeded, thefit which transmis;ion Of, pgckqi} is comp!gted in Del‘ay
the departure time of packep/ in SCFQ, denoted by EDD, denoted byLEpp(p}), is at mostD'(py) + I3,/ C",

LiSCFQ(Pf)v is given by i.e., Lypp(py) < Di(py) +_lélax/0i- .To observe that Delay
EDD belongs to GR, rewrite (8) as:

) . S Jmax
scrq(py) < GRC'(py, r7") + — i gy i, d i =1 i
o# P 2% Di(pl) = max {4 (pl), GRO'(p, i)}
where[;"?* is the maximum length for packets in flow + Z_f _ Z_f _ d} .
Hence, SCFQ scheduling algorithm belongs to GR for flow T %

Fwith 7 = 30, gy /P . o o ‘

2) Delay Allocation Algorithms:Though ~ several ~algo- Since max {A'(p;), GRC'(p/™", r/)} + Ig/rj =
rithms which allocate rate have been proposed, DeI@RCi(pr, r;), we conclude that Delay EDD belongs to
Earliest Due Date (Delay EDD) is the only work-conservingr with 3¢ = i _/C* — (zf/r;; — d}), If schedulability
scheduling algorithm that separates delay and rate allocatishditions for nonpreemptive Delay EDD are used, then one
in a networking environmerftin this section, we show that can similarly show thag’ is given as3 = —(lf/r} - d}).
Delay EDD also belongs to GR.

It is not known whether Delay EDD can separate deldy. Non-Work-Conserving Algorithms

and rate allocation while assigning variable rate to packetsp general framework for reasoning about the end-to-end
of a flow. Hence, we assume that ratg is assigned to all performance guarantee of a class of non-work-conserving
packets of a flow. Furthermore, in Delay EDD, the lengthigorithms, termedRate-Controlled Service Disciplinebas
of the packets is assumed to be the same,lise= I7. Delay peen presented in [24]. In this section, we show that rate
EDD assigns a deadline to a packet on its arrival and schedu@sirolled service disciplines also belong to the GR class.
packets in increasing order of deadlines. Deadline of packeiRate controlled service disciplines consist of a rate regulator
py, denoted byD*(p}), is computed as and a scheduler (see Fig. 1). The rate regulator ensures that
i g i i =l i the traffic entering the scheduler conforms to a negotiated
D'(py) = max{A'(pp), GRC'(py™", rp)} +dy - (8) traffic specification and the scheduler guarantees that each
whered; is the delay bound for flowf at serveri. packet of flow f would experience a maximum delay of
d%. In such disciplines, different types of rate regulators
2Consistent Relative Session Treatment (CRST) rate assignment has tﬁeﬁiy be employed. Since these disciplines have been studied
used in PGPS networks to separate rate and delay allocation. However domi v f I . . f
since this rate assignment requires all the flows to conform to Leaky Bucl@fé ominantly for f:onStlan.t r?-te allocation (see Se'Ct'On I1-D for
specification, we do not consider it further. non-work-conserving disciplines that allocate variable rate), a



566 IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 5, NO. 4, AUGUST 1997

common characteristic of most of the rate controllers is that
they do not delay packets more than necessary to enforce the |
average rate. Hence, if; is the rate assigned to flow and

l; the length of packets, then the time at which a pa@j#ét
departs the rate controller, denotedﬂaﬁyc(p}, r}), is given as

Regulator

Q

Regulator

Lic(p}, 7j) < max{A'(py), GRC'(p;~", 1)} +97, (10)  —]

Regulator

wherev' is a constant for a rate controller. Since the scheduler
guarantees a maximum delay @f to each packet, the time

that packep departs serverwhich employs a rate controlled F19- 1 Rate-Controlled Service Disciplines.
service discipline, denoted b&}{CSD(p}), is given as

L%{CSD(p}) < max {A'(p}), GRC'(p
i d

Server

A
g
i
—_
B
)
~

Regulator

! I o RN :
+L (L —yi—di). A Q:
T ! T ! Regulator , —t—— |

. . 3 . 3 3 | Scheduler
Since max{A'(p}), GRC(pi ™", ri)} + /v =
GRCi(pJZ, r}), we conclude that rate controlled service
disciplines that employ rate regulators consistent with (10) Server

also belong to the GR class witf = —(lf/T} -5t = d}) Fig. 2. Rate controller employed for a subset of flows.
The rate regulator for Rate Controlled Static Priority queuing

is consistent with (10) and hence belongs to GR.

Regulator

packet fragment, i.e., it can schedule the packetspargally
Ill. D. Packet Fragmentation and Rate Control preemptivemanner. This would simultaneously reduce the
camputational overhead and the delay incurred by the packets.

) ; artially preemptive equivalents of the generalized Virtual
Furthermore, to reduce the buffer requirement in the networélock' Delay EDD, and PGPS can be defined using the

some flows may require rate controllers to be employed on.,. ".". . . ) .
y red ploy bci%ﬁnmon of partially preemptive scheduling algorithms. Also

the path. We now consider 1) scheduling algorithms suita ™ 12 and4 K h il i
for servers where packet fragmentation may occur and 2) {aing Theorems 1, 2, and 4, we know that partially preemptive

effect of employing rate controller for a flow on the de|a>generalized Virtual Clock and Delay EDD also belong to GR

guarantee. with 3 being derived by substitutingy,../C* with Ii../C

1) Scheduling in Presence of FragmentatioBonsider a Whereli,. is the maximum length of a packet fragment served
server that can receive packets of size larger than it cB¥ Serveri. Similarly, Theorem 1 of [18] can be generalized
transmit. In such a case, the server has to fragment a packtd manner analogous to Theorem 1 to show that partially
before transmitting it. A fragmented packet can be schedulBtgempt ve PGPS also belongs to GR with=[,...
for transmission by the server in various ways: 2) Effect of Rate Controlllt has been observed that if a

« The server can compute a priority for each packet fra%etwork employs a work-conserving scheduling algorithm,
ment and hence schedule each fragment individually. then the burstiness of a flow and hence buffer requirement

« The server can compute a priority for each packet affgcreases at the downstream nodes. Several non-work-
schedule each packet. conserving scheduling algorithms have been proposed to

Whereas scheduling each packet fragment increases #dress this limitation [24]. Though non-work-conserving
computation overhead, from Theorem 1, we know that Schéi\]gorlthms reduce the buffer requirement in the network, they
uling packets and disabling preemption of a packet trarf§crease the average delay for all the flows. Even though this
mission increases the maximum delay incurred. Hence, M@y be desirable for some flows, it may not be desirable
scheduling algorithm that minimizes computational overhed@r other flows. We address this limitation of non-work-
while minimizing delay incurred due to nonpreemption i§onserving algorithms by employing rate controllers on a per
desirable. Observe that since the transmission unit is a padkev basis (see Fig. 2). However, if arbitrary rate controllers
fragment, even if a server schedules packet, it can allawe employed, then they may increase not only the average
packet preemption to occur after the transmission of evetiglay, but also the worst case delay for the flows for which

they are employed. To avoid increase in the worst case delay,
3In Internet packet fragmentation and reassembly can be avoided at tpey ploy y

network layer by using path Maximum Transmission Unit (MTU) discoveryVe require that if a rate controller is employed for flofv
[16]. However, fragmentation of scheduling entity, which can be smaller that the server, then it should guarantee that departure time of

the network level packet, cannot be avoided by such a method in an Inter] j ; J gt
consisting of ATM and FDDI subnetworks. B%{Cketpf from the rate controller, denoted l:’v‘)ﬁC(pf’ Ty )’

In heterogeneous networks, packets may be fragment
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is given as p} will depart from the network by7RCX (p7, 74 %) + .
‘ P o i1 i1 This delay guarantee depends on the arrival process & the
7 Jast 7 7 1 1,2 - p A b .
Lic(py, ry") S max{A%(pp), GRO'(p7™ 7y )k server, e AK (p}). Though A® (p;) depends on the arrival
(11) process of a flow, i.e.Al(p}), due to the variability in the
In the special case ofi = #1 this definition captures the delay experienced by the packets of a flow, it may not always

characteristics of rate control elements like Leaky Bucket. LBe p935|ble to detgrmme relat|9nsh|p betweeh (p7) and

such a rate control element be employed at sefvier flow A'(p}). SinceA'(p7), and notA™ (py), is always known, it

f. Theorem 5 demonstrates that such a rate control eleminflesirable to characterize the delay guarantee of a network

does not change the bound on the departure time of a packegervers such that it is determined By (p}). ,

when the scheduling algorithm employed is in GR. Observe thatGRC* (py, r}’l‘) depends on A" (py),
Theorem 5:1f a rate control element that satisfies (11) igvhich in turn depends oG RCE~1(p4, r7*~1). Applying

; 7 T
employed at servei for flow f, then GRCi(pJ%, ryt) = f’j,{(

PEYES E T this argument recursiveIﬁRCK(pJ{, r¢ ™) can be related
GRC (pj, ry") where GRC'(py, r7*) is the guaranteed to GRC'(p},r}'). Consequently, the delay guarantee
rate clock value at the scheduler when no rate controllerd$ a network of servers can be characterized based on
employed for the flow and“RC' (py, r7") is the value when GRC* (pt, 7,;,1) which is completely determined by (p7)
a rate controller is employed. (i.e., the arrival process of a flow), and the rate assigned to the
Theorem 5 demonstrates that if a scheduling algorithpackets. This enables a network of servers, as in the case of a
belongs to GR for a flow, then the equivalent non-worksingle server, to provide service guarantee to flows conforming
conserving algorithm obtained by employing any rate come any specification. This methodology was employed in [10]
troller element satisfying (11) also belongs to GR. Observe thghen constant rate is allocated to the packets of a flow and
this defines non-work-conserving equivalents of generalizgdcket fragmentation and reassembly does not occur. In what
Virtual Clock, PGPS, and SCFQ algorithms. It also definesfallows, we extend that methodology to networks where:
scheduling algorithm that combines Delay EDD and a varianj different rates are allocated to the packets of a flow at

of Jitter EDD. different servers along the path and the bottleneck server for
each packet may be different and 2) packet fragmentation
E. Discussion and/or reassembly may occur.

Several algorithms, other than those considered in the!© derive the delay guarantee of a network of servers, we

previous sections, also belong to GR. For example, singdll first r_elate the guarante_ed_ rate clock value of a_packet
Frame-Based Fair Queuing [20] and Worst Case Fair Weight8gWo adjacent servers. A similar approach of analyzing two
Fair Queuing [1] also guarantee that, regardless of behaviordgiacent servers to analyze end-to-end behavior of a network
other flows in the network, the bound on departure time of. servers has been u_sed in [2] and [18]. Henceforth, we
a packet is the same as in PGPS, they also belong to ¢l @lways refer to a single flowf and hence, for ease of
Similarly, since Deficit Round Robin (DRR [19]) also isolate®resentation, drop the subscripfrom all the variables.

flows and guarantees a minimum throughput, it can be shown

that it also belongs to GR (althoughfor DRR will be very A. Two-Server Case

high). Hence, the class of GR algorithms is broad. In large networks, due to the variability in load at different

If a server employs any of these scheduling algorithm igervers, different rates may be allocated to packets at different
GR, then it guarantees that packet will be transmitted by servers. Since throughput of a network for a flow is governed
GRCi(pJ%, ") + /. SinceGRCi(pJ%, r7+*), and hence the by throughput of the bottleneck server, instead of relating
delay guarantee, is independent of a traffic characterizationGRC L (p7, r¥:i+1) andGRC*(p?, 77-*), we will establish a
server employing a scheduling algorithm in GR can providelationship betweeRC+(p?, #1) and GRC(p7, #9:%)
various service guarantees to flows conforming to any traffithereGRC(p’, 77+ *) denotes the guaranteed rate clock value
specification. For example, it enables a server to guaranteecamputed using*:*; k& < j and#/:* represents the bottleneck
upper bound on delay and tail distribution of delay to packetate for pJ which is defined asnin{r/:?, r»i+1}.# Observe
of a flow conforming to Leaky Bucket and Exponentiallythat this definition captures the scenario where different servers
Bounded Burstiness (EBB) process, respectively [10]. Inraay be the bottleneck server for different packets of the same
network environment, however, packets of a flow are servicldw. Although we relate the guaranteed rate clock values
by a sequence of servers. In what follows, we present a methmmnputed using bottleneck rate, our analysis will demonstrate
for deriving the delay guarantee of a network of servers eattiat allocating different rates at different servers leads to
of which employs a scheduling algorithm in the GR class. smaller end-to-end delay than allocating bottleneck rate at each

server.

IV. DELAY GUARANTEE OF A NETWORK OF SERVERS We would find the following inequality useful in establish-
To derive the delav quarantee for a network of servers eaigﬁ the relationship between guaranteed rate clock values at ad-
) Y9 . . . o \K/acent nodes. Since the guaranteed rate clock value of a packet
of which employs a scheduling algorithm in GR, consider flo
f that is serviced b3K servers. Let theth server on the path 4To facilitate the proof of multiple server case, we have chosen an
be denoted byi. Then, the network guarantees that packetequality, rather than an equality.
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computed using a smaller rate is largeéftRC(p?, r9%) <

GRCi(pj7 fj’i)- Hence, Packet Packet Packet Fragmen{
i i Schedulin Schedulin. Schedulin
GRC(p,7’) i-1 i i+1
U

= max {A'(p’), GRC'(p~*, /1)) +

i Packet
7 l; Fragmentation
< max{A”(p]), GRCZ(p]_lv 7@]—1,1)}_’_ rhi’ (@)

In heterogeneous networks, the data transmission unit may

vary and hence packet fragmentation and reassembly may | o, ket Packet F ¢ Packet F 1
acket rragmen acket Fragmen

occur. Such a scenario, for example, would occur in an Schedulin Schedulin Schedulin
internetwork consisting of ATM, ethernet, and FDDI sub- i1 i Pi+1
networks. The relationship betweé?RCZ“(p}, Y "1y and
ifnd i d d h f h . Packet
GRC (pf, ) epends on the occurrence of such a scenario. Fragmentation
Hence, in the following subsections, we first establish the
relationship when packet fragmentation and reassembly do not (b)
occur and then con§|der their effects. Fig. 3. At the switch where fragmentation occurs: (a) Packet scheduling. (b)
1) No Fragmentation and/or Reassembly: Packet fragment scheduling.

Theorem 6: If the scheduling algorithm at servéibelongs

to GR for flow £, then the kth fragment ofp’ and let:* denote the length of
lk

; Py P i packet fragmenp? * > Since the delay guarantee of a packet
GRO™H(p?,#77) SGRC (p?,#) + Rl gk T is determined by the delay guarantee of the last fragment of
(12) @ packet, we relate the guaranteed rate clock value of the last
‘ ‘ - - fragment of a packet at adjacent servers in Theorem 7.
wherea’ = ' + 7% "1 and7%** is an upper bound on the  Theorem 7:If the scheduling algorithm at servérsched-
propagation delay between servérands + 1. , ules packets and belongs to GR for flgiyand servet + 1
The proof of Theorem 6 only requiresi’*(p;) < schedules packet fragments, then
GRC*(p?, r»") + «'. Hence, it holds even if a server

k
employs a jitter controller, similar to that employed by Jittety RC'* (p? ¢) | #7) < GRC(p?,# %) + max % +
EDD, to ensure that the arrival time of packet is exactly k€L g 7™

GRCH(p?, r:%) + o'. Also, observe that even though we (13)

have related guaranteed clock values computed based on\ia@re i — i + 7 i+l and+%i+! is an upper bound on the
bottleneck rate, the denominator in the second term of tB?opagation delay between servérandi + 1.

right-hand side of (12) is+* instead of7*/:. This would " 3y packet Reassembly:et serveri+1 perform reassembly
enable us to derive tighter end-to-end delay bounds in Sectignpacket fragments. Theorem 8 relates the guaranteed rate

V. . ) . clock value of the last cell of a packet at serveand: + 1.
2) Packet FragmentationLet server: receive a packet Thegrem 8: If the scheduling algorithm at servéibelongs

larger than it can transmit. As we had mentioned in SectiQg gR for flow f and server + 1 performs reassembly, then
II-D, serveri may schedule packets or packet fragments. Let

. k
us consider the two cases: GRCHY(p? #9%) < GRCY(p" D) #97) + max f_ +of

« If server i schedules packets [see Fig. 3(a)], it may ke[l ) 7R
or may not allow packet transmission to be pre- (14)

empted after transmission of every packet fragme
; i d Adiel
In either case,GRC"(p’, 7 ) can be related to propagation delay between servérand: + 1.

i—1(pi o i—1 i
GRgt (pl’t7 " ) usmgt Tr:jeortem |6.kH0v|veverf, Wek Observe that the second term in the right hand side of (14) is
need to r.e ate . € guaranteed rate clock value o pacxﬁaxke[l...ﬂ 1% /%@ which is different from the corresponding
at serveri andi + 1.

« If serveri schedules packet fragments [see Fig. 3(b)],th(§ﬁrm’mam’“e[l“'f1 i%/r™", in (12) and (13).

guaranteed rate clock values of packet fragments at ser\éer

1 andi+ 1 can be related using Theorem 6. However, we’
need to relate the guaranteed rate clock value of packein Theorems 6, 7, and 8, we have related the guaranteed

at server; — 1 and:. rate clock values of a packet at adjacent servers under various
From the two cases. we can infer that. in the presence%qenarios. These relationships can be employed to relate the
fragmentation, we need to relate the guaranteed rate clockThe length of a packet fragment does not include the headers that may be
values of packets between two adjacent servers that h&gded due to fragmentation. To account for the overhead due to these headers,
different scheduling units, i.e., packets and packet fragmerﬁs in case of link-level headers, we assume that the actual rate assigned to a

) g - ! Scket fragment is higher. A bound on increase in rate can be derived using
Let packetp’ be fragmented inté(;) fragmentsp’-* denote a bound on maximum packet length of a flow.

Whereai = g 4+ 75#+1 and %+ is an upper bound on the

Multiple Server Case
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Packet Packet
Fragmentation Reassembly
Source Server1 | — — — — — ServerF o = = = = = = = Server R — = = = = = Server K Sink
O=F
or

O=F+1
Fig. 4. The path configuration.
guaranteed rate clock value of the packetiah server to V. END-TO-END DELAY BOUND

that at the first server. Clearly, such a relationship dependsry getermine an upper bound on the end-to-end delay of
on the co_nﬂguratlon of the path of a flow. We illustrate thg, rets of a flow, consider a flow which is served Ky
relationship between the guaranteed rate clock value of vers. Also, let server 0 be the source and sefier 1

packet at theKth server and its value at the first servef, e destination. Lei? be the delay experienced by the

for the path configuration shown in Fig. 4. In Fig. 4 paCkeﬁackets of a flow. Since servéf guarantees that packgt
fragmentation occurs at servErand packet reassembly occursyij pe transmitted by timeZRCK (p7, 3 K) + BX and the

at server R. Let servap be the first server on the path of thepacket arrives at the first node at tirdé (p?), we get:
flow that schedules packet fragments. If senkeischedules ’

packets, then the next server schedules packet fragments and &< GRCK(pJ, o p K) Lol = Al(pj)
henceO = F + 1; otherwiseO = F.

Theorem 9:1If the scheduling algorithm at each of thewherea! = g% + 7% K+1 Observe thaGRCX (p7, #7) —
servers on the path of a flow belongs to GR for figwthen GRCX (p7, 79 %) > 19/#5 — I/ /r5 K. Hence,

v v

Fi ik

o =0 " dfsaRcf‘Kp%M—(
GRO(p!,#) SGRCMp!,#) + Y max
—~ ne[l 4] Pt

) + ot — Al(p7).

If each server on the path of the flow employs a sched-

e " " uling algorithm in GR, then given the path configuration,
* ; nell g 7 el ) GRCX (pJ, #7) can be related t&tRC* (p?, #/). For instance,
iK1 =K —1 when packet fragmentation and reassembly does not occur
+ Z — l"‘ + Z o along the path, then using (15) we get
—5, nElLeeg] n=1 i I BN 1(yd
&' <[GRC(p?, #) = A*(p)]
wherea™ = " + 77"+l K is the number of servers on n ' ﬁ:l max <l_’ _ Z_J>
the path of the flow|™ is the length of the biggest fragment — nelleg) P ph K

of p", and 7 is the bottleneck rate for packet’, i.e., S
7= mingepr... gy " + Z a” .
It can be similarly shown that if packet fragmentation does o
Hence, the end-to-end delay of a packet consists of three

not occur, then
i=K—1 " components:

GRC™(p?, #) <GRC'(p?, i)+ > max — « M=o Since o = gn + 7t this term s
= neledl T completely characterized by the scheduling algorithms
n=K-1 and the propagation delay in the network.
+ ) o (15) o SUEF T maxep g Y= (F /#F = 1 fr3 K): This
n=1 term depends on the length of the packets transmitted by

a source and the rate allocated to it at various servers.

Observe that even though we have derived the delay Hence, this term is known if the length of the packets
guarantee based on the bottleneck rate, the denominator in transmitted by a source and the rate assignments are
ST max,ep .y I7/r™ is the actual rate allocation known.
at each server. Clearly, this term is smaller than the similare GRC*(p?, #/) — Al(p’): This is the only term that
term that would have been derived assuming bottleneck rate depends on arrival process characteristics of a flow. This
allocation at each server. term can be interpreted as the queuing delay experienced

The delay guarantee of a network of servers enables a by a packet at a single server with variable capacity;
network to provide various service guarantees to flows con- the capacity being the bottleneck rate for the packet
forming to any specification. For example, as we illustrate in service. Hence, the network can be abstracted as a
in the next section, the delay guarantee can be employed to single server with variable capacity and consequently the
guarantee an upper bound on end-to-end delay of packets of problem of determining end-to-end delay is reduced to the
a flow. problem of determining delay at a single node. Therefore,
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a single server queuing analysis can be employed to detehere [™2* is the maximum length of a packet of the flow.
mine an upper bound on the delay or the tail distributioHence, the term corresponding to (19) is

of delays experienced by packets of a flow for any traffic
specification. For example:

—If a flow conforms to Leaky Bucket with parameters
(o, 7) and 7 is the minimum rate allocated to the
packets of the flow such that < #, then from [10]
we get

GRC(p?, 7) = A'(p?)

= (16)

7
Substituting (16) in (16) gives an upper bound on the
end-to-end delay.

—If a flow conforms to Exponentially Bounded Bursti-
ness (EBB) process with parametgrs A, v) [22],
andr is the minimum rate allocated to the packets of
the flow such that < #, then from [10] we get

d
7

An upper bound on the tail distribution of the end-to-
end delay is derived by substituting (17) in (16). An
upper bound on tail distribution of end-to-end delay
of a Markovian process can be similarly derived.

—If a flow conforms to the variable rate Flow Specifi-
cation introduced in [15], then for the first packet of
a burst of a flow

Pr [GRCl(pj, 7= ALp?) > Y] < Ae.

(17)

J

GROMpd, )~ ANpi) < . (19)
Substituting (18) in (16) gives an upper bound on
end-to-end delay which is a generalization of the
bound for constant length packets in [15]. This gen-
eralization can be exploited to design algorithms that,
by appropriately selecting packet lengths, reduce the
jitter of VBR video flows.

In the above analysis;®*+! is an upper bound on the

propagation delay. Hence, the delay bounds also hold in

i=K-—1

22
=1

lma.x

(20)

7

(20) is larger than (19) in several ways:

The factor 2 makes (20) larger than (19).

« Even when different rates may be allocated at different

networks where the propagation delay may be variable but

is bounded. This property is desirable in internetworks [24].

The above method also leads to tighter resultg:/if* = 7

(assumed for ease of exposition) then the only variable term in

(16), that depends on network and not flow characteristics is

i=K—1

>

=1

ln

(19)

max -
ne(l - 4] .t

This term is smaller than other similar analysis in the liter-
ature in several ways. We illustrate the subtleties in (19) by
comparing it with the seminal analysis presented in [17] for
Rate Proportional Processor Sharing (RPPS) rate assignment
of PGPS networks. The delay bound in [17] for a flow that

conforms to Leaky Bucket with parametefs, ») and has
minimum rate# > r assigned to the packets ¢ ) is

n=K

+ Z a”,
n=1

i=K-1 Jmax

: a
# < 42
<<+ ; -

servers, the denominator in (19) #5 In contrast, the
denominator in (19) is™* wherer™? > ¢. To illustrate

the differences numerically, consider a flow with packets
of length 100 bytes that is being served by two servers
such that the rate allocations at server 1 and 2 are 64
and 32 Kb/s, respectively. Then, neglecting factor 2, (20)
evaluates to 24.4 ms which is larger than the 12.2 ms
computed from (19).

The numerator in (20) i$™»* which may be larger than
the numeratonnax,,c[; ... ;; I (assuming a constant rate
allocation for packets of a flow), in (19). This difference
can be made larger by defining a netwbrsy periodFor
ease of exposition, let no fragmentation and reassembly
occur. Then, a network is considered busy for flgvat
time ¢ if

i=K—1

GRC*p, i)+
=1

n=K-1

> a"st,

n=1

n

max -
ne[l J] i,

wherep/ is the last packet to have arrived befdrelet

the packets be renumbered such that pagkets the

jth packet to arrive in a network busy period. From the
proofs of Theorems 6-8, we know that Theorem 9 still
continues to hold. Consequently, in (19), the maximum is
over a subsequence of packets rather than all the previous
packets.

To illustrate the difference numerically, consider a flow
that has five servers on the path and has 1 Mb/s rate
allocated to its packets. Consider two busy periods 1 and
2 such that the maximum packet length during the periods
is 1000 and 100 bytes, respectively. Then, (19) evaluates
to 30.5 and 3.05 ms for busy periods 1 and 2, respectively.
If the maximum packet length the flow ever transmits is
1500 B, then (20) will always yield 45.7 ms.

Whereas (20) does not quantify the effect of variable rate
allocation to packets of a flow, (19) does. Furthermore,
(19) when used in conjunction with the concept of busy
period enables derivation of better delay bounds. To
illustrate numerically, consider a flow that has five servers
on the path and transmits 1000 byte packets. Consider two
busy periods 1 and 2 in which the rate allocations are 100
Kb/s and 1 Mb/s, respectively. Then, (19) evaluates to
305 and 30.5 ms for busy periods 1 and 2, respectively.
Without the notion of busy period, the bound would have
been 305 ms in both the busy periods.

Since (19) is the only term that depends on the network,
these improvements are significant.
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VI.

In this paper, we have defined the class of GR scheduling
algorithms that includes scheduling algorithms that allocaté&l
variable rate to the packets of a flow. We defined work-
conserving generalized Virtual Clock, Packet-by-Packet Geps)
eralized Processor Sharing, and Self Clocked Fair Queuinl%]
scheduling algorithms that can allocate variable rate to thig;
packets of a flow. We also defined scheduling algorithms
suitable for servers where packet fragmentation may occur.
We demonstrated that if a class of rate controllers is employgg,
for a flow in conjunction with any scheduling algorithm in GR,
then the resulting non-work-conserving algorithm also belon
to GR. This lead to the definition of non-work-conserving
equivalents of generalized Virtual Clock, PGPS, and SCF&0
algorithms and a combination of Delay EDD and a variant of
Jitter EDD. [21]

We presented a method for deriving the delay guarantee %]
a network of servers when: 1) different rates are allocaté
to packets of a flow at different servers on the path and
the bottleneck server for each packet may be different, akd!
2) packet fragmentation and/or reassembly may occur. Tpg
delay guarantee enables a network to provide various service
guarantees to flows conforming to any specification. The del
guarantee was then employed to illustrate the derivation b]
delay bounds for flows conforming to Leaky Bucket, Expo-
nentially Bounded Burstiness, and Flow Specification. The,
method for determining these bounds is valid in internetworks
and leads to tighter results.

CONCLUDING REMARKS [13]
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