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Abstract and destinations to exchange signaling messages that estab-
lish packet classification and forwarding state on each router
Many per-flow scheduling algorithms have been proposed talong the path [21]. It is often argued that the need for main-
provide rate and delay guarantees to flows. It is often artaining per-flow state and performing per-packet classifica-
gued that the need for maintaining per-flow state and pertion in routers seriously limits the scalability of this architec-
forming per-packet classification seriously limits the scala-ture.
bility of routers that employ such per-flow scheduling algo-  To address this scalability requirement, tfi€ferentiated
rithms. Consequently, design of algorithms that can providgervicesnetwork architecture has been proposed [18]. In this
per-flow rate and delay guarantees without requiring per-flowarchitecture, traffic entering a network is classified and con-
functionality in the network core routers has become an activgiitioned at the network boundary, and is assigned to a small
area of research. In this paper, we propose a methodology et of behavior (or flow) aggregates (also referred to as Per
transform anyGuaranteed Rat¢GR) per-flow scheduling al- Hop Behaviors—PHB). This architecture achieves scalabil-
gorithm into a version that does not require per-flow state tqty by implementing complex classification and condition-
be maintained in the core routers. We prove that a network ghg functions only at network boundary routers (which pro-
suchcore-statelesservers provides the same delay guarantegess lower volumes of traffic and lesser numbers of flows),

as a corresponding network of GR servers. and providing service differentiation inside the network for
flow aggregates rather than on a per-flow basis [18]. Sim-
1 Introduction ple resource-management mechanisms—such as RED [7]—

have been proposed to provide service differentiation among

The Internet has traditionally supported thest-effortser- ~ P€havior aggregates [4, 14, 15, 17]. While this architecture
vice model in which the network offers no assurance aboutS inherently more scalable, it is less flexible and provides
when, or even if, packets are delivered. This service modeaf'eaker guarantees to flows. In particular, it is non-trivial to
has proved to be adequate for elastic applications (e.g., ftrp,rovide per-flow rate or delay guarantees in this framework.
telnet, and http) that tolerate packet delays and losses rather Recently, several frameworks and mechanisms have been
gracefully. With the commercialization of the Internet and Proposed to overcome this tradeoff between scalability and
the deployment of inelastic continuous media applicationsflexibility [8, 24]. These mechanisms aim at providing ser-
however, the best-effort service model is increasingly becomvice guarantees without requiring the core routers to either
ing inadequate. For example, to meet the timeliness requirénaintain per-flow state, or perform complex per-packet com-
ments of digital audio and video playback, most multimediaPutation or both. In [8], simple buffer management schemes
applications require greater predictability with respect to endare used to provide rate guarantees to flows. This ap-
to-end delay and bandwidth than that offered by the currenroach requires per-packet flow classification and maintain-
best-effort networks. To facilitate the co-existence of thesdng per-flow state in routers, but eliminates the per-packet
emerging applications with the conventional elastic applicacomputation overhead inherent in per-flow scheduling algo-
tions, there is an increasing need for designing networks thdtthms. In [24], acore-statelessersion of Jitter Virtual Clock
differentiatebetween the services provided to different cus-(CJVC) scheduling algorithm has been proposed. CIJVC pro-
tomers and applications. vides the same delay guarantees as Jitter Virtual Clock, while

Theintegrated servicesetwork architecture achieves ser- Maintaining and using per-flow state only at the edges of the
vice differentiation by requiring (1) routers to employ per- N€twork. Since CJVC is non-work-conserving and employs

flow! scheduling algorithms [2, 6, 12, 28] and (2) sources? constant bit-rate(CBR)_ per-flow shaper at every router,
gqueue lengths observed in a network of such servers are gen-
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1A flow refers to a sequence of packets transmitted from a source to aestination.




conserving nature of the CJVC algorithm limits the extent ofneed for maintaining per-flow state in routers while provid-

statistical multiplexinggains that the framework can benefit ing the same delay guarantee as a network of Jitter Virtual
from. This is because non-work-conserving algorithms shap€lock (JVC) servers. In this section, we ask the question: can
the traffic to the maximum of the reserved rate and sendinghe techniques used in deriving CJVC from JVC be applied
rate for that flow; when a flow sends a burst of packets at a ratdirectly to derive a core-stateless version of Virtual Clock—

greater than its reserved rate, extra packets are held until thearwork-conserving scheduling algorithm? We begin by first

eligibility time, even if idle bandwidth is available for trans- outlining the technique of deriving CJVC from JVC.

mitting these packets. Such an approach may under-utilize The Jitter Virtual-Clock (JVC) algorithm assigns to packet

available network resources. Hence, stateless algorithms thp# adeadlined’;‘d at each servey as follows:

provide delay guarantees and also are work-conserving are 1 1

desirable. €ri = Ofj )
In this paper, we extend the idea of core-stateless schedul- ef; = max(af;+gf; 1,di7") 2)

ing mechanisms to the entire class Gluaranteed Rate 1k

(GR) [10] per-flow scheduling algorithms. We describe a d’;;,j = elj’j + —J;, 5 k>1 3

methodology using which any GR algorithm can be trans- Tt

formed into a core-stateless version, CSGR, that provides thﬁheregl; | is the amount of time by which the packet is
]

same delay guarantees as the original GR algorithm. The N&lansmitted before its deadline at seryerl ande’; -denotes
! »J

work architecture we consider is similar to the DiffServ ar- e . . .
theeligibility time—the time at which pack@f}becomes eli-

chitecture, where per-flow functionality is implemented only ". o ) )
at the edges of the network, and core routers do not maintaﬂ'ble for trans_mlsspn—at s_ervyerThe Ve f”"go”th_m trans-
mits packets in the increasing order of their deadlines.

-fl . i . . o
any per-flow state As is evident, to derive the eligibility time and hence the

The rest of this paperis orgamzed as fOIIOW.SZ In Section 3deadline of a packet, JVC—and many othgearanteed rate
we show that the methodology in [24] for deriving the core- . . .
algorithms such as Virtual Clock—requires the server to re-

stateless version of Jitter Virtual Clock algorithm can not be ) ;
-+ of the previous

directly applied to its work conserving counterpart, Virtual member for each flow the deadling
Clock. In Section 4, we observe the key propert;/ of GRpacket (used in the max-term computation of Equation (2)).

algorithms which allows us to design the core-stateless ve deriving the Core-stateless Jitter Virtual Clock (CJVC) al-

sion of Virtual Clock (CSVC). In Section 4.3, we prove that a gorithm, the authors of [24] observe that the need to maintain

network of CSVC servers has the same delay guarantee assgch per-flow state @orerouters can be eliminated by intro-

network of Virtual Clock servers. The methodology is gener—dUCIng a per-packediack varlable,éf, that accounts for the

alized to all GR algorithms in Section 5. We discuss reIatec{naX'mum difference between the two quantities in the max-

work in Section 6 and summarize our results in Section 7. " computation. .For C_:JVC’ this translates to denv&@g
such that for servergs> 2:

: kogk 4ok s gkl
2 Notation 0f +ag;+95-1 2> dyf; )
In [24], authors derive a lower bound on the value‘iﬁm‘
Throughout this paper, we use the following symbols and nofurther, they demonstrate that by using this lower bound, a

tations. network of CJVC server provide the same end-to-end de-
lay guarantee as the network of JVC servers. The deriva-
pz . thek™ packet of flowf tion of the lower bound o@¥ exploits a key property of the
aj; the arrival time of packeﬁ’; at nodej JVC algorithm: the non-work conserving JVC algorithm at
along its path each server shapes flows to their reserved rate and delays any
lJ’i . length of packep’; packets arriving earlier until thegligibility time. This prop-
rfc . rate reserved for packpﬁ erty enables the JVC algorithm to bound jitter, which in turn
m; :  propagation delay on the link connecting bounds the difference between the deadline of a packet and
nodej and(j + 1) the eligibility time of the next packet of the same flow. Thus,

(di5" —ak, — gk, ) is upper-bounded for akt — this is
Furthermore, we assume that the sum of rates reserved fosed as a lower bound f6f.

flows at a server is less than the server capacity. Now consider Virtual Clock [29]—a work-conserving

packet scheduling algorithm. The Virtual Clock algorithm as-

signs to each packpl;% avirtual cIockvaIueVC}ij at server

3 Problem Motivation 7 as follows:

In [24], the authors develop theore-Stateless Jitter Virtual

ll
1 _ 1 'f
Clock (CJVC) scheduling algorithm; CJVC eliminates the VO = @5+ 3 ()

Ts



whereGRCY ; is theGRC of packet); at serverj.

A scheduling algorithm at servéiis defined to be a mem-
ber of the class oGuaranteed Rat¢GR) scheduling algo-
Packets are transmitted in the increasing order of theiral rithms for flow f if it guarantees thap’; will be transmitted

clockvalues. by GRCJ’fj + B, whereg; is a constant that depends on the
To eliminate the need for maintainifgC’y ;" in routers, if  scheduling algorithm and the server. The class of GR servers
we apply the technique used to derive CJVC from JVC, thens broad — it includes Virtual Clock, Packet-by-Packet Gener-
we need to compute a per-packick variables} such that  alized Processor Sharing [20], Self Clocked Fair Queuing [9],
for servergi > 2: Delay-EDD and Jitter-EDD [27]. Table 1 lists the values of
. 1 . B; for some GR algorithms (derived in [11]).
df = VO —ag, (7) The following lemma (stated and proved in [10]) provides

. . i the key property that we use in the design of core-stateless
Unfortunately, in a network of work-conserving Virtual Clock versions of Virtual Clock and other GR algorithms:

servers, unlike in a JVC network, packets can arrive back-to-
back at a core router. The larger the number of back-to-backemma 1 If the scheduling algorithm at serverin a net-
arrivals, the greater is the difference between the deadline afork belongs to the class of GR algorithms for flgythen
the penultimate packet of the burst and the arrival time of the
last packet in the burst. Hence, to account for such bursty
arrivals, the lower bound o&(; grows withk. Consequently,
we find that a network of core-stateless Virtual Clock servers
(derived using the technique presented in [24]) does not prevherer;_; is the propagation delay on the link connecting
serve the delay guarantee of the corresponding network dfode(j — 1) andj.
VC servers. Appendix A presents a detailed analysis of this
effect.

In what follows, we present a general methodology to

derive the core-stateless version of aByaranteed Rate of the same packet's state at the previous seiverl. This
(GR) [10] scheduling algorithm. Our methodology ap- P P cIver.

. X ? state can be encoded in the packet itself at sejverl and
plies both to work-conserving and non-work-conserving al- P o

gorithms in GR; further, we demonstrate that a network Ofcan be’ used for computing the upper bour_l:ian at the
serverj. If the scheduler at serveruses this upper bound

?]fgecssr?z“?s:fssspgs dfﬂi‘:}i&gﬁ%‘?ggi;&g&.delay 9uay GEC of a packet as its transmigsiop deadline., it does not
require any per-flow state to be maintained at sejver
We illustrate the above idea by applying it to define the

4 Methodology core-statelesyersion of Virtual Clock, a work-conserving

_ ) ) scheduling algorithm that belongs to GR. We generalize the
We begin by observing the following key property@tiar-  methodology to all GR algorithms in Section 5.
anteed Ratalgorithms [10]: the upper bound on the dead-
line of a packet at a server can be expressed in terms of th& 2 Core Stateless Virtual Clock
deadline of the packet at the previous server; this state can bé
encoded in the packet itself (e.Bynamic Packet Sta{@3]),  The Virtual Clock algorithm guarantees that a packet would
thereby eliminating the need for maintaining per-flow state ingepart serveyj by (VCJ’? 4+ %) whereVCj’f . is com-
core routers. We illustrate the use of this property in derivin uted according to quﬁations](s) and (6); is ’tjhe capac-
a core-stateless version of the Virtual Clock algorithm, anﬁi

y of server;j and (7" the maximum size of packets it
prove the end-to-end delay guarantee of a network of sucheres. From this, it is easy to see that Virtual Clock belongs

: 1%
VO = max(af; VOE) + L (6)
f

li
k k f
GRCfJ- < GRCf,j—l + zg[lf}i] E + 71+ 61

Theguaranteed rate clockG RC) of a packet determines
thedeadlineby which it gets transmitted. Lemma 1 provides
an upper bound on th@ RC' of a packet at a servgiin terms

core-stateless VC servers. to the class of GR algorithms witt RC} ; = VC}; and
yree
4.1 Key Insight B =
y g From Lemma 1, we know that
The Guaranteed Rate Clod: RC) of a per-flow scheduling ; o
algorithm is defined in [10] as: VO <VCE 4 max i PR 17 (10)
1 fi = fii—1 €1 k] 7-} J Ci—1
[
1 _ 1 f
GRC;; = ajp;+ rl ) Define thecore virtual clockof pk at serverj, VCoreh ;, as
i follows:
k k k—1 lf
GRCfJ = maXx (af,j, GRCf’J ) + E (9) VCOT@I}J_ — Vcﬁl (11)



GR algorithm Bj

Virtual Clock e /Cy
Packet-by-Packet GPS [20] | [7***/C}

Self Clocked Fair Queuing [9] >, [7*** /C;

Delay EDD 170 [Cy +dys — g /Ty

Table 1: 3; values of some GR algorithms (For Delay EDD,; is the desired delay bound for flofvat server;)

l Lemma 2 Thecore virtual clockof packep” satisfies
VCore’;j = VCore’;j_l +Bj—1 +mj_1 + max —’.c, virtdd P th ISH
’ ’ ic[1..k] r} .
. 1=
i>z2 (12) VC’ore’}j > VCore];;;l + —fk, k>1
. , rk
whereg;_1 = C;n‘ill We define servelj to be aCore-
Stateless Virtual Clockerver if it schedules packets in the Proof: See Appendix B. -

increasing order of theWC’ore’}J- values. From (10)-(12), it
is easy to see thMCore’}’j > VC}“J-. Lemma 3 If the jt* server’s capacity is not exceeded, then
Thus, we have eliminated the need to maintai@* =" to the time at which _packep’;; departs a Preemptive CSVC
compute the max term of Equation (6). Additionally, by en- server, denoted bYpesve(Pf), is
abling edge routers to encode the rd]ieand enabling server _
j — 1to encodd/Corek ._, in the packet, we can eliminate Lpesye(pf) < VCorel j=1  (14)
the need to maintaiany per-flow state in the core routers of
the network.
We now prove that the end-to-end delay bound of a netprgof: See Appendix C. m

work of such Core-Stateless Virtual Clock (CSVC) serversis  The following lemma is stated and proved in [11].
the same as that of a network of Virtual Clock servers.

Lemma 4 If PS is a work conserving preemptive schedul-
ing algorithm, NPS its equivalent non-preemptive schedul-

4.3 Delay Guarantee of a Network of CSVC ing algorithm and the priority assignment of a packet is not
Servers changed dynamically, then
Consider a network off C'SV (' servers. LetLgsvc(p’;}) Lnps(p*) — Lps(pF) < lC’
denote the time at which paclge} departs server. Then the
end-to-end delay)’; of packet; is defined as: where Lps(p*) and Lyps(p*) denote the time a packet
leaves the server when PS and NPS scheduling algorithms
D;g = Llsve (pl;) — a?l (13)  areemployed, respectively. Al$g"” is the maximum length

of a packet and C is the capacity of the server.

The delay guarantee of the network of servers is defined @ heorem 1 If a server's capacity is not exceeded, then

k
the upper bound ob;. the time at which packet: departs a Core Stateless Virtual
To prove the delay guarantee of a network of CSVCCIOCk server, denoted Wésvo(plff)’ is

servers in Theorem 2, we first prove the delay bound of a

single CSVC server (Theorem 1). In the followingnan- , [maw
preemptivescheduling algorithm is one that does not pre- Ligyc(Pf) < VCorel ; + JCJ- (15)

empt the transmission of a lower priority packet even after

a higher priority packet arrives. On the other handire  where(; is the capacity of the server ari#*” is the maxi-

emptivescheduling algorithm always ensures that the packefnum length of a packet serviced by seryer
in service is the packet with the highest priority by possibly

preempting the transmission of a lower priority packet. AProof. As Preemptive CSVC algorithm is work conserv-
non-preemptive algorithm is considereduivalentto a pre- ing and does not dynamically change the priority of a
emptive algorithm if the priority assigned to all the packetspacket, Theorem 1 follows immediately from Lemma 3 and
is the same in both. To simplify the proof of Theorem 1, weLemma 4. |

first state and prove the following Lemmas. Theorem 1 states that the deadline for the departure of packet



Py atserveyj is (V Core} ; + ;). To avoid errors in compu-
tation OfVC’ore’;Z’jil andw;_; due to inaccuracies in clock

5 Core-Stateless GR Scheduling Algo-
rithms

synchronization and imprecise knowledge of propagationde- _ _ _ _
lays, Equation (12) can be rewritten in terms of an alternatdn this section, we generalize the methodology described in

set of variables as:

v
max —, j>2(16)

VCorek
orer. i€l T

k k
agjt9rj—1t

whereg’;J;l is the amount of time by Whicb’;; departs be-
fore its deadline(V Core} ; | + 3; 1) at serverj — 1.

Theorem 2 The delay guarantee of a network of CSVC

servers is the same as that of a network of Virtual Clock

Servers.

Proof: Using Theorem 1, Equation (11) and repeated appli
cation of Equation (12), it follows that the tim/, 51 (p})

at which packep’; departs the last server in a network.bf
CSVC serversis given by

<

Lisve (plfv) VCOT@I},J + B

IN

VCi +(J—-1)

J—-1

+ (B +m) + By

=1

maz
4

where(; = —. From (13), the delay guarantee of the
network of CSVC servers is thus given by:

li
(J —1) max -
ic[1..k] r}

J-1
+ (B + i)+ By

=1

The delay guarantee of a network HiVirtual Clock servers
has been shown to be the same as the above in [10]. H
The quantity Y C§ , —a/ , ) in the above formulation depends
on the source traffic characterization. For a Leaky Bucke
source characterization [20], it can be shown [10] that

vek gk <%
e
whereo is the depth of the Leaky Bucket ang is its aver-

age rate. If flowf conforms to a Leaky Bucket with parame-
ters g, r¢), then its end-to-end delay is given by:

J—-1

(Bi +mi) + B

=1

i
max —f +
i€[1..k] r;

k

Dy

gf
=7 ~-1
4=

<

the previous section to definecare-statelessersion of any
GR algorithm, which gives the same delay guarantee as the
original algorithm.

Define thecore guaranteed rate clockG RCore) for
packetp); at serverj, GRCorel; ;, as follows:

GRC'ore’;cJ = GRC}C,l
li
k — k !
GRCorepjn = GRCorep;+0;+m+ max ry’
i>1

For every GR algorithm, define a correspondi@gre-
Stateless GRIgorithm that assign& RCore values to pack-

ets of all flows as defined above, and schedules packets in the
increasing order of thei? RC ore values.

Theorem 3 The delay guarantee of a network of CSGR
servers is the same as that of a network of corresponding GR
servers.

Proof: The proof of the above theorem can be constructed
in exactly the same manner as the proof of Theorem 2 by re-
placingV’C andV Core by GRC andG RCore respectively
in the corresponding proof analysis of Lemmas 2 and 3, and
Theorems 1 and 2. |
From Theorem 3, it follows that for every GR algorithm,
we can define &ore-Stateless GRIgorithm that would pre-
serve the delay properties of the original GR algorithm. Of
particularinterestis the design of Core-Stateless-Delay-EDD,
a work-conserving GR algorithm that has the desirable prop-
erty ofdecouplinghe delay and rate guarantees [5, 27].
Observe that the method for deriving core-stateless ver-
sions of GR algorithms described above preseomy the
delay property of the GR algorithms. Hence, this approach
can be used to derive core-stateless versions of all unfair,
work-conserving algorithms (such as Virtual Clock, Delay
EDD) in GR. However, if this approach is applied to algo-
rithms in GR that provide other forms of guarantees (e.g.,
{airness), then the resulting core-stateless algorithm may not
provide the same type of guarantees. For instance, if the
above technique is applied to the Weighted Fair Queuing
(WFQ) [6] algorithm, then the resulting core-stateless algo-
rithm will have the same delay property as WFQ, but would
not guarantee fairness. In general, it is non-trivial to design
core-stateless versions of fair scheduling algorithms. This is
because the per-packet computation of a flow in a fair GR
server depends on the other flows that are sharing the server.
Hence this computation cannot be performed by the edge
routers for a flow. Recently, schemes that achieve approxi-
mate fairness without maintaining per-flow state in network
cores have been proposed [3, 19, 23].



6 Related Work

In thedifferentiated servicearchitecture, per-flow classifica-
tion and computation is performed only at the network edges

—the network core maintains state for only a teshavior ag-

gregateq4, 14, 15, 17]. While this architecture is inherently
scalable, it is non-trivial to implement services that provide

per-flow rate or delay guarantees.

In order to preserve the flexibility offered by per-flow man-
agement, recent research effort has focussed on reducing the
complexity and increasing the efficiency of sorting and per-

flow classification. Sorting complexity a?(loglog n) has

been reported in [25]. On the other hand, sorting is com-

pletely avoided in [8, 26]. In [8], simple buffer management ) )
however ﬂ{@] A. Demers, S. Keshay, and S. Shenker. Analysis and Simu-

schemes are used to provide rate guarantees —

buffer space is mostly statically partitioned, which results in

poor resource utilization.

Architecture. InProceedings ACM Sigcomm’98ept 1999.

[2] J.C.R. Bennett and H. Zhang. W F?Q: Worst-case Fair

Weighted Fair Queuing. IfProceedings of INFOCOM'96
pages 120-127, March 1996.

[3] Z.Cao, Z. Wang, and E. Zegura. Rainbow Fair Queueing: Fair

Bandwidth Sharing Without Per-Flow State.Pnoceedings of
IEEE INFOCOM March 2000.

D. Clark and W. Fang. Explicit Allocation of Best Effort
Packet Delivery Service.l[EEE/ACM Transactions on Net-
working 1(6):362—-373, August 1998.

R. L. Cruz. SCED+: Efficient Management of Quality of
Service Guarantees. Proceedings of INFOCOM’'98arch
1998.

lation of a Fair Queueing Algorithm. IRroceedings of ACM
SIGCOMM pages 1-12, September 1989.

It is widely believed that per-flow classification is more [7] S.Floydand V. Jacobson. Random Early Detection Gateways

complex than sorting. A number of schemes have been pro-
posed and/or implemented that make flow classification more

efficient [1, 13, 16, 22].

A different research theme assumes that the number of
flows in the future Internet would be too large for the

for Congestion Avoidance. IiiEEE/ACM Transactions on Net-
working August 1993.

R. Geurin, S. Kamat, V. Peris, and R. Rajan. Scalable QoS
Provision Through Buffer Management. Rtoceedings ACM
Sigcomm’98Sept 1998.

speedups in the existing per-flow mechanisms to suffice.[9] S.J. Golestani. A Self-Clocked Fair Queueing Scheme for

Therefore, it focuses on completely eliminating per-flow state
and per-packet classification in the network cores, and yet at-
tempts to provide per-flow guarantees [5, 24]. The SCED+10]
algorithm proposed in [5] avoids the use of per-path state in
order to provide guarantees to traffic aggregates that share the
same path in an ATM network. However guarantees are not
tailored to meet the specific requirements of individual flows.
The CJVC algorithm [24] on the other hand provides per-[11]
flow delay guarantees without maintaining per-flow state in
the network core. Additionally, by employing a CBR shaper

at every router, the queues are not allowed to grow large, thus
resulting in smaller sorting overhead. However, this scheme

is non work-conserving, which limits the gains sthtistical
multiplexingit can benefit from.

7 Summary

In this paper we propose a methodology for transformin
any Guaranteed Rat¢GR) algorithm into its core-stateless
counterpart, that eliminates the need for maintaining per-flow

state or performing per-packet classification in core routerd1]

We have shown that a network of servers running sDare

Stateless Guaranteed Rg8SGR) algorithms provides the [16]
same end-to-end delay guarantee as a network of correspond-

ing GR servers.
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A Applying approach of [24] to Virtual 1 -l
Clock VO + G =D + L)+ (mi+ 5)
f i=1

IN

IN

We apply the approach adopted in [24] for Jitter Virtual Clock 1k

to its work-conserving version, Virtual Clock, in this section  aj ; a’}’j,l +mi—1 + C—f

and demonstrate that the delay guarantees of Virtual Clock . J

are not preserved in its core-stateless version. it Ik
afjzt D (mi+ %)

ol
v

v

Let J be the total number of nodes that packets of ffow L ;
traverse. LetK be the total number of flowf packets trans- =i
mitted. If we introduce a per-packsiack variable 6%, such
that,

v

j—1 L

k f
A i — 2 . a’% .+ (m + =)
sk >vept—ak g, i=2,..,J;k=2..,K (17) H ; e



Therefore, at nodg, the maximum possible value thaf ll 12
would be required to exceed is given by:

Tf Tf
lk 1 g1 1k J-1 llff
8k > (VO —al DEE L)+ (6 - L +Jx ) (6= )
£ DHG-DE + L3 (6= ) 2 G-
Ik 12
Since(B; > I%/C;), theRHSis maximized forj = J,and 6 = (J—1)%« r—f +(J=1)*% T—f +
therefore, the least sequenceSlf‘)ﬂhat would satisfy Inequal- 3f ! S i
ity (17) is given by: (J—1) t +(J(J_1)+1)*Z(/82__f)
1 Ty — Cl'
5f = 0 . =1
lk—l
ok = maz((0,(VCETt —ak )+ (J - 1) + ;—,;)
J—1 lk;
+ Z B; — L)) (21) We see that, ak grows, such a computation of the slack
i=1 Ci variableé’; to eliminate per-flow state in core nodes fails to
provide reasonable end-to-end delay bounds for even constant
A.1 Delay Bound of a Network of Core- bit-rate flows, and hence the approach used in [24] does not
Stateless Virtual Clock Servers work for Virtual Clock.

Consider a flowf traveling through a network of Core-
Stateless Virtual Clock Servers. Lb;j be the time atwhich B Proof of Lemma 2

packetp’; gets transmitted at thg" node. Then, the bound

on the end-to-end delay of thé&" packet is given by: Observe that
k k k k I Ik
Ly —ajy < VCorep;+fr—aj, max L > max L (22)
Ik i€[1..k] rf i€l..k—1] r}
< abiy—ab +dk e Lap, _
Ty Also observe that by repeatedly applying 12, we get:
A
Ik VC’ore’Ji;1 = VC’oref2 +(j —2) max l—’:
< a’?72 _ (1];71 + (J _ 1)(61; + _fk) 1€[1..k—1] ’T‘f
s j—1
J-1 + Z (Bi + i)
+ Y (mi+Bi) + By i=2
=2 lz
l = VORI HG-D max
Liy—af, < VCEy—af,+(J-1)(0F+ =) et ) 1T
f J—
J-1 +> (B +m) (23)
+ (w4 Bi) + By =1
i=1
Similarly,
This delay bound for thé* packet of a flow depends on
the value of its slack vanablé’” To get a feel for the lower . li j—1
bound ong¥, consider a well- behaved source, that sends itd Coref; = VO, +(j—1) max, r— + > (Bi +m)
packets at a constant bit-rate, i.e.: . =1
I3 I
afl—VC’k ! > C’J’fl +—+(]—1) gﬂf’i}r_f
Ty ¢ f
Substituting in Equation (21), we get: j—1
o= 0 + Z Bi+m)  (from(6))
2 b b z;;
6 = (J-1)x++ ; — = > Vo -1 4
¥ ( ) h ; (Bi Ci) > + f + (5 )le[r{}%il] "



it be the beginning of the busy period in whigh is served
+ Z (Bt ) (From(22))  andy, = VCorel .. Lett, be the least time less than
l;::l to during the busy period such that no packet with virtual
> VCorel;El n _;; (from(23)) clopk value greaterthat@ is served mthe intervad, , ¢-]. We

T claim that such & exists. If not, then either packe} ,,, , , is
the first packet in the busy period or preempts the service of
the previous packet on arrival. In either case, the packet gets

C Proof of Lemma 3 : . .
served immediately on arrival, and

At serverj, define the quantityy ;(¢) for flow f as follows: Ik
. LPHiesve(ph) = ab S -
r?j if Jk> (a’;j <A P (py) Gmi1 + Crmt1

Ry i(t) = (VC_’ore’Jjgl <t <VCoref ;) < VCorek, .,
0 otherwise
(24) Wwhich violates our assumption. Therefore, such exists.
Clearly, all the packets served in the interfsal ¢5] arrive
Let S be the set of flows served by server Then servey in this interval (else they would have been served earlier than
with capacityC; is defined to havexceeded its capacigt  ¢;) and have virtual clock value less than or equabtoSince

timetif Y g Rnj(t) > Cj. the server is busy in the interviil, ¢>] and packep’; is not
The proof of Lemma 3 is by induction gin serviced byts, we have:
Base Casej=1
The first server in a CSVC network runs the Virtual Clock Z APp(ti,t2) > Crpga(te —t1)
algorithm, for which the theorem is proved in [11]. fes
Induction Hypothesis Assume 14 holds for < j < m. ta
Induction: We will show that 14 holds fot < j < m + 1. Z Rfmy1(t)dt > Cpyi(tz —t1)
From (16) and the Induction Hypothesis (which implies that fesh
k > 0)we get t2

Ifim = ) g / Z Rf7m+1 (t)dt > Cm+1(t2 — tl) (27)

k k l? " fes

VCore§ i1 > @fmirt+ o (25) . . :
¥ Since the server capacity is not  ex-

Let K¢(t1,t2) be the set of all flowf packets that arrive ceeded, > rcs Rpme1(t) < Crmt1- Hence,

t .
in interval[ty, t] and have virtual clock value no greater than J;, X ¢es Rpm+1(t)dt < Cmya(t2 — t1).  This con-
ty. For packep’}, let Tfj denote the following quantity tradicts (27) and hence the induction step is proved. From
’ induction, the theorem follows.

T}“’j = VC’ore’}’j — max (a’fc’j, VCore];El)

It is easily observed from (24), (25) and Lemma 2 that

to
[ Remni®dt = i # Thn)
t1 iEKf(tl,tg)
) I
> Y D)
€K 5 (t1,t2) f
> 2.0
iEKf(tl,tg)

Therefore, the cumulative length of all flofvpackets that ar-
rive in interval[ty, t2] and have virtual clock value no greater
thant,, denoted byA Py (1, t2), is given as

ta
APg(tr,t2) < Ry ;(t)dt (26)
t1
We now prove the theorem by contradiction. Assume that
for packetp, Lpdsy o (ph) > VCorek ;. Also, letty



