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Abstract— Provisioning techniques for network flows with end- might be exhausted much earlier than others, thus rendering
to-end QoS guarantees need to address the inter-path andthe entire network paths unusable.
intra-path load balancing problems to maximize the resource For real-time network flows that require end-to-end delay

utilization efficiency. This paper focuses on the intra-path load . . R - .
balancing problem: How to partition the end-to-end QoS require- guarantees, there is an additional optimization dimension for

ment of a network flow along the links of a given path such that balancing loads on the network links, namely, the partitioning
the deviation in the loads on these links is as small as possible? Weof end-to-end QoS requirements along the links of a selected

propose a new algorithm to solve the end-to-end QoS partitioning network path. Specifically we are interested in the variable
problem for unicast and multicast flows that takes into account components of end-to-end delay, such as queuing delay at

the loads on the constituent links of the chosen flow path. This . ¢ diate link d thi del bef the i
algorithm can simultaneously partition multiple end-to-end QoS Inteérmediate finks and smoothing delay beiore the Ingress,

requirements such as the end-to-end delay and delay violation rather than the fixed delay components, such as propagation
probability bound. The key concept in our proposal is the notion and switching delays. In this paper, we use the term “delay”

of slack which quantifies the extent of flexibility available in to refer tovariable components of end-to-end delay.
partitioning the end-to-end delay requirement across the links Consider the path shown in Figure 1 in which each link

of a selected path (or a multicast tree). We show that one can . iced b ketized rate-based hedul h
improve network resource usage efficiency by carefully selecting a IS SElviCe Y a Packetized rate-based Schneduier Such -as

slack partition that explicitly balances the loads on the underlying  WFQ [2]. Given a request for setting up a real-time flow
links. A detailed simulation study demonstrates that, compared F; along this path with a deterministic end-to-end delay

with previous approaches, the proposed delay budget partitioning requirementD;, we need to assign delay budgd®s,; to F;
algorithm can increase the total number of long-term flows that - 5t each individual linkl of the path. Intuitively, low delay
can be provisioned along a network path by up to 1.2 times for . . . . .
deterministic and 2.8 times for statistical delay guarantees. tYP'Ca"y requires high bandwidth reservatlon.. In (.)th.er words,
since flow F;’s packet delay bound at each link is inversely
|. INTRODUCTION proportional to its bandwidth reservation, the amount of delay
Performance-centric network applications such as Voiteidget allocated td¥; at a link determines the amount of
over IP (VolP), video conferencing, streaming media arghndwidth reservation thdf; requires at that link.
online trading have stringent Quality of Service (QoS) require- The question ishow do we partition the end-to-end delay
ments in terms of end-to-end delay and throughput. In orderrequirement D; into per-link delay budgets such that (a)
provide QoS guarantees, the network service provider needstte end-to-end delay requiremeri®; is satisfied and (b)
dedicate part of network resources for each customer. Hencelam amount of traffic admitted along the multi-hop path can
important problem faced by every providethsw to maximize be maximized in the long-termPhis is the Delay Budget
the utilization efficiency of its physical network infrastructur@artitioning problem for delay constrained network flows.
and still support heterogeneous QoS requirements of differentMost categories of real-time traffic, such as VoIP or video
customers Here utilization efficiency is measured by theonferencing, can tolerate their packets experiencing end-to-
amount of customer traffic supported over a fixed netwoend delays in excess db; within a small delay violation
infrastructure. probability P;. Such statistical delay requirements of the
Traffic engineering techniques in Multi-Protocol Labeform (D;, P;) can assist in reducing bandwidth reservation
Switched (MPLS) networks select explicit routes for Labdbr real-time flows by exploiting their tolerance levels to
Switched Paths (LSP) between a given source and destinatidelay violations. When we consider partition of the end-to-end
Each LSP could act as a traffic trunk carrying an aggregatelay violation probability requiremen®;, in addition to the
traffic flow that requires QoS guarantees such as bandwidtblay requiremenD;, the delay budget partitioning problem is
and delay bounds. In our terminology, a flow representsgeneralized to statistical delay requirements for network flows.
long-lived aggregate of network connections (such as a VolPThis paper makes the following main contributions. Firstly,
trunk) rather than short-lived individual streams (such asvee present a unified algorithm template, called Load-based
single VoIP conversation). The key approach underlying traffiflack Sharing (LSS) for the delay budget partitioning problem,
engineering algorithms, such as [1], is to select network pathsd describe its application to unicast and multicast flows with
so as to balance the loads on the network links and routedlsterministic and statistical delay guarantees. Secondly, our
Without load balancing, it is possible that resources at one liakgorithm can handle multiple simultaneous flow QoS require-
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Fig. 1. Example of partitioning end-to-end delay bud@gtover a three-hop path. The sladl indicates the amount of flexibility available in partitioning
the delay budgeD;.

ments such as end-to-end delay bounds and delay violatastual link-level resource reservation.

probability bounds. Earlier approaches handled only a singleThe rest of the paper is organized as follows. Section I
end-to-end QoS requirement at a time. Thirdly, we introdudetroduces the notion aflack sharingwhich is central to our
the notion of partitioningslackin end-to-end QoS rather thanwork. Section Il places our work in the context of related
directly partitioning the entire end-to-end QoS as in earlieesearch in delay budget partitioning. Section IV formulates
approaches. Slack quantifies the amount of flexibility availabdeir model of the network and reviews standard results for end-
in balancing the loads across links of a multi-hop path and with-end delay bounds. In Section V, VI and VIl we describe a
be introduced in Section Il. Finally, we provide the detailederies of delay budget partitioning algorithms for unicast and
admission control algorithms for unicast and multicast flowsulticast network paths having deterministic and statistical
that can be used in conjunction with any scheme of partitionimgd-to-end delay requirements. In Section VIII we analyze
end-to-end delay and delay violation probability requirementthe performance of the proposed algorithms and Section 1X

. . concl with mmary of main r rchr Its.
We model our work on the lines of Guaranteed Service cludes with a su ary of main research results

architecture [3] where the network links are serviced by Il. NOTION OF SLACK AND SLACK SHARING
packetized rate-based schedulers [2] [4] [S] [6] and there eXis’[SThe extent of flexibility available in balancing the loads
an inverse relationship between the amount of service rafe . |inks of a multi-hop path is quantified by tiackin

of a flow at a link and the corresponding delay bound th

the flow’ ket . A rate-based model with G d-to-end delay budget. For each link of the multi-hop path

© TOW'S packets expenence. A rate-based model wi i Figure 1, we can compute the minimum local delay budget
schedulers was glsp adopt'ed in [7]. Note that we apldress E%"L'" guaranteed to a new flow; at the link [ provided
problem of pa_rt|t|(_)n|ngadd|t|\_/een_d-to-end d_e_lay rqulrementthsf[ all residual (unreserved) bandwidth/ais assigned for
and th_emultlpllcatlvedelay violation prpbablhty requwemen_t. servicing packets from the new flow. The difference between
Specifically, the problem we addressnigt the same as parti-

T . the end-to-end delay requirement and the sum of minimum
tioning bottleneckQoS parameters. Indeed, for packetized rat(a—el y requirement)™", ie. AD;, = D; — Z3 pmin
il e i 4 =14, >

?asedﬂschedulter§ sut(): hthas ZZTQ , the ep dl;to-er:jd S etlt?y bog esents an exceskckthat can be shared among the links
or a flow contains both additive (per-link) and bottlenec 0 reduce their respective bandwidth loads.

delay components. In Section |V, we show how these WO e manner in which slack is shared among links of a

compongnts can be_ separated and how the QoS partitio By path determines the extent of load balance (or imbalance)
problem is relevant in the context of rate-based SChedUIerSacross the links. When the links on the selected network path
Considering the bigger picture, any scheme for end-to-endrry different loads, one way to partition the slack is to
QoS partitioning along a path is not sufficient by itself tghare it based on the current loads on the network links. For
satisfy traffic engineering constraints. Rather, end-to-end Qegample, assume that the three links in Figure 1 carry a load of
partitioning is one of the components of a larger networdk%, 80% and20% respectively. Given a total slack in delay
resource management system [8] in which network resourdasiget A D;, one could partition the slack proportionally as
need to be provisioned for each flow at three levels. At tk@Di, %ADZ-, and%ADi, respectively, rather than assigning
first level, a network path is selected between a given paireachéADi. The reason that the former assignment is better
source and destination that satisfies the flow QoS requiremeffitsmn the viewpoint of load-balancing is that a more loaded link
and at same time balances the load on the network. At thieould be assigned a larger delay budget in order to impose a
second level, the end-to-end QoS requirement of the new fltower bandwidth demand on it. The latter scheme, on the other
is partitioned into QoS requirements at each of the links $mnd, would lead to second link getting bottlenecked much
as to balance the load along the selected path. This is #ezlier than the other two, preventing any new flows from
intra-path QoS partitioning problem that we address in thixing admitted along the path. In fact, as we will show later,
paper. Finally, at the third level a resource allocation algorithme can do even better than proportional partitioning described
determines the mapping between the QoS requirements andaheve if we explicitly balance the loads across different links.



I1l. RELATED WORK multiple simultaneous QoS dimensions, such as both delay and
delay violation probability requirements.

Equal Allocation (EA) scheme, proposed in [9], divides the The problem of partitioning as well as QoS routing has been
end-to-end loss rate requirement equally among constitueiidressed in [14] [15]. The goal of [14] [15] is different from
links. The principal conclusion in [9] is similar to ours, thaburs, namely that of maximizing the probability of meeting
is the key to maximize resource utilization is to reduce thtie QoS requirements of a flow. While we do not address the
load imbalance across network links. The work focused eputing problem in this paper and focus on the intra-path QoS
optimizing the minimal (bottleneck) link utility by equally partitioning problem, an approach to integrate our proposal
partitioning the end-to-end loss rate requirements over thethis paper with QoS routing schemes has been outlined
links. The performance of this scheme was shown to e[8]. A real-time channel abstraction with deterministic and
reasonable for short paths with tight loss rate requiremenisitistical delay bounds, based on a modified earliest deadline
but deteriorated for longer paths or higher loss rate tolerangigst (EDF) scheduling policy, has been proposed in [16].
Proportional Allocation (PA) scheme, proposed in [7], considHowever, equal allocation scheme is used to assign per-link
ered partition of end-to-end QoS over links of a multicast tregelay and packet loss probability bounds. An approach to
in proportion to the utilization of each link. The performancerovide end-to-end statistical performance guarantees has been
of PA was shown to be better than EA since it accounts fproposed in [17] when the traffic sources are modeled with a
different link loads. Our work is different from the above twdamily of bounding interval-dependent random variables. Rate
proposals in the following aspects. First, we use a heuristientrolled service discipline is employed inside the network.
that directly balances the loads on different links insteadowever, the work does not address the issue of how to locally
of indirectly addressing the objective via equal/proportionglartition the end-to-end delay requirement.
allocation. Secondly, instead of partitioning the slack in QoS,
the above two proposals partition the entire end-to-end QoS
requirement directly among the links. If an equal/proportional A real-time flowF; is defined as an aggregate that carries
partition results in tighter delay requirement than the minimutraffic with an average bandwidth ¢f*? and burst sizer;.
possible at some link, then the proposal in [7] assigns the mMe assume that the amount of flal traffic arriving into
imum delay at that link and then performs equal/proportiontie network in any time interval of length is bounded by
allocation over remaining links. With such an approach, tHe: + p; /7). The (o;, p;*?) characterization can be achieved
minimum delay assignment converts the corresponding ity regulatingF;’s traffic with relatively simple leaky buckets.
into a bottleneck, disabling all the paths that contain this linkVe focus this discussion on unicast flows and will generalize
In contrast, we partition the slack in end-to-end delay, insteé@ multicast flows when necessary.
of the end-to-end delay, which helps prevent the formation of We consider the framework of smoothing at the network
bottleneck links as long as non-zero slack is available. ingress and bufferless multiplexing in the network interior as

Efficient algorithms to partition the end-to-end QoS readvocated in [18] [5]. Specifically, as shown in Figure 2, a
quirements of a unicast or multicast flow into per-link Qo$egulated flowF; first traverses a traffic smoother followed by
requirements have been proposed in [10] [11] [12]. Th@set of rate-based link schedulers at each of the intermediate
optimization criteria is to minimize a global cost functiodinks along its multi-hop path. The first component smoothes
which is the sum of local link costs. The cost functions afée burstiness inF’s traffic before the ingress node. Each
assumed to be Weak|y convex in [10] and increase with tﬁ@te'based scheduler at intermediate lirdervices the flow at
severity of QoS requirement at the link whereas [11] address¥ assigned ratg;; > p;*’. The manner in which rates;
general cost functions. On the other hand, [13] addresses @i assigned will be described later in Sections V and VI. The
problem in the context of discrete link costs in which each linkmoother regulates flow;’s traffic at a ratep;"" = min{pi}
offers only a discrete number of QoS guarantees and costs. Fer, at the smallest of per-link assigned rates. Since flow
the algorithms in [10] [11] [12] [13] to be effective, one needd$’;’s service rate at each link scheduler is greater or equal
to carefully devise a per-link cost function that accuratelp smoothing rate at the ingress;’s traffic does not become
captures the global optimization objective — in our case that lfirsty at any of the intermediate links. Completely smoothing
maximizing number of flows admitted by balancing the loads;’s traffic before the ingress node has the advantage that it
among multiple links of the path. As we will demonstrate imllows the interior link multiplexers to employ small buffers
Section VIII, the best cost function that we could devise tior packetized traffic. Additionally, as shown below, it permits
capture the load-balancing optimization criteria, when usegcomposition of flow's end-to-end delay requireméntinto
with algorithms in [10], does not yield as high resource usagkelay requirements at each network component along the flow
efficiency as the explicit load-balancing approach proposedpath. Multicast flows have a similar setup except that flow path
this paper. Instead of indirectly addressing the load-balanciigga tree in which each node replicates traffic along outgoing
objective via a cost function, our LSS algorithm explores onlgranches to children.
those QoS partitions that maintain explicit load-balance amongWe now proceed to identify different components of end-
links. Furthermore, the above algorithms consider only single-end delay experienced by a floi. The first component
QoS dimension at a time. In contrast, our algorithm can handéethe smoothing delayThe worst-case delay experienced at

IV. NETWORK MODEL



Smoother Rate—based Link Schedulers

av, .
(o, P4 5 p;nln Pi1 @m’ s ﬂ@%

Pig = Pi pi = min { 3y}

avg

Fig. 2. Network components along a multi-hop flow path. Fleythat has(c;, p; °“) input traffic characterization passes through a smoother followed by a
set of rate-based link schedulef§’s service rate at each linkis p; ; > p7”? and the bursts are smoothed before the ingress at a rafg'sf = mlin{pi’l}.

the smoother by a packet from floi% can be shown to be asHere p;; > p¢"? and p/"" = Hllin{pi7l}. In other words,

follows [5]. end-to-end delay is the sum of traffic smoothing delay and

Di o= a;/p"™ (1) per-link queuing (packetization and non pre-emption) delays.
The maximum input burst size is;, the output burst size For multicast paths, end-to-end delay is the sum of smoothing
of the smoother i), and the output rate of the smoother iglelay at ingress and the maximum end-to-end queuing delay
P = min{p; ;} among all unicast paths from the source to the leaves.

The second component of end-to-end delay is the accu-
mulatedqueuing delayat intermediate links. We assume that V. UNICAST FLOW WITH DETERMINISTIC DELAY
packets are serviced at each link by the Weighted Fair Queuing GUARANTEE

(WFQ) [19] [2] scheduler which is a popular approximation , .
of the Generalized Processor Sharing (GPS) [2] class of'Vé now propose a series of algorithms for delay budget

rate-based schedulers. It can be shown [2] that the worB@rtitioning that we call Load-Based Slack Sharing (LSS)

case queuing delap; ; experienced at link by any packet algorithms. The first algorithm, presented in this section,
belonging to flowF, under WFQ service discipline is givenaddresses deterministic delay guarantees for unicast flows.
by the following. ‘ The second algorithm addresses statistical delay guarantees

for unicast flows and the third algorithm extends LSS for
D;, = il 4 Lmaz n Lmax @) multicast flows; these are presented in subsequent sections.
T pia Pil Ci The deterministic and statistical algorithms for unicast flows
are named D-LSS and S-LSS respectively and those for
multicast flows are named D-MLSS and S-MLSS.
Let us start with the case where a fldv is requested on

;1 is Fy's input burst size at link, L;,,, is the maximum
packet sizep;; is the reservation fof; at link {, andC; is

the total capacity of link. The first component of the queuing . h and . d dd inistic del
delay is fluid fair queuing delay, the second component is tRelNicast path and requires an end-to-end deterministic delay

packetization delay, and the third component is schedule‘f';garantee oy i.e, none of the packets carried iy can

non-preemption delay. Since our network model empIo;';%ce'ECI the delay bound dly. Assume that th_e network path

bufferless multiplexing at interior links, the input butsy is 0 Chosen for a flow requesty consists ofm links an_d that

at each linkl. The delay bound of Equation 2 also holds in th%:_ L flows haye already been adm|t.ted on the unicast path.

case of other rate-based schedulers such as Virtual Clock [2 N total capacity and current baan'dth load on #ttelink

In general, for any rate-based scheduler, we assume thaq'J% represented by and Ly resp.ef:nv.ely.' o

function of the formD; (.) exists that correlates the bandwidth 1he goal of delay budget partitioning is to apportibiy’s

reservationp;,, on a link{ to its packet delay bound; ;, i.e. €nd-to-end delay budgé?y into a set of delay budge®.,;

Diy = Dypiy). We are interested in rate-based schedulepd the 7 network links and the smoothing delayy, at

since, in their case, the relationship between per-link del%hﬁ smoother, such that the following partition constraint is

bound and the amount of bandwidth reserved at the link fSftisfied .

a flow can be explicitly specified. In contrast, even though

non rate-based schedulers (such as Earliest Deadline First Dy +ZDN’Z < D @

(EDF) [21]) can potentially provide higher link utilization,

in their case the resource-delay relationship for each flowasdthe number of flows that can be admitted over the unicast

difficult to determine, which in turn further complicates thgath in the long-term is maximized.

admission control process. We saw in Section IV that for rate-based schedulers like
In Figure 2, the end-to-end delay bouny for flow F; over WFQ, there exists a function of the for;(p; ;) that corre-

anm-hop path is given by the following expression [22] [23]ates a flowF;'s bandwidth reservatiop;; on a link! to its

=1

when each link is served by a WFQ scheduler. packet delay bound; ;. The specific form of relatio®;(p; ;)
m is dependent on the packet scheduling discipline employed at
D; = gi + Z (Lmaw + me) (3) the links of the network. For example, if a link is managed by
Pt =\ i C a WFQ scheduler, then the relation is given by Equation 2.



0=05; in future is to apportion the slack in delay budget across

3\,@2&1){ multiple links traversed by the flow such that the load across
foril=1tom { each intermediate link remains balanced. By minimizing the
pn, = maz{(C; — L — BiCib), p?} load variation, the number of flow requests supported on the
Dy, = Di(pn,); * Delay atlink 1 */ network path can be maximized.
The D-LSS algorithm for unicast flows with deterministic
Dn.. = on/min{px.}; /* Smoother delay */ delay guarantee is given in Figure 3. Let the remaining
L bandwidth on thé*” link after delay budget assignment be the
slack = Dy — Z Dy — Dns; form 5; x C; x b. The algorithm essentially tunes the value of
1=1 b in successive iterations until the resulting slack falls below
if (slack > 0 and slack < DThreshold) a pre_d_efinedDTh_reshoId Sthc_e G x Cp xb repres_ents the
return Dy remaining capacity of_th_é _Ilnk, ﬁ_l can be set dlﬁgrgntly
depending on the optimization objective. If the optimization
§=46/2; objective is to ensure that a link's remaining capacity is
proportional to its raw link capacity; should be set td. If
if (slack > 0) the optimization objective is to ensure that a link’s remaining
elsg =b+9; capacity is proportional to the current loads on the links, then
b=b—6 G, should be set to be proportional fg/ Z;’;l L, for all links
} [. Smaller the value oDThreshold the closer LSS can get to
Fig. 3. D-LSS: Load-based Slack Sharing algorithm for a unicaghe optimization objective.
flow with deterministic delay guarantee. The algorithm returns the
delay vectorDy =< Dy.1,Dn2,- -, Dnom >. VI. UNICAST FLOW WITH STATISTICAL DELAY
GUARANTEE
Now we consider the case where a new flé requires
A. Admission Control statistical delay guaranted®y, Py) over am-hop unicast

Before computingDy ;, one needs to determine whethepath, i.e, the end-to-end delay of its packets needs to be smaller
the flow Fiy can be admitted into the system in the first placéhan D with a probability greater than — Py. Since the
Towards this end, first we calculate the minimum delay budgéelay bound does not need to be strictly enforced at all times,
that can be guaranteed fdy at each link if all the residual the network resource demand can be presumably smaller for
bandwidth on the link is assigned #6y. Thus the minimum a fixed D. The S-LSS algorithm needs to distributey and
delay budget at link is given byD;(C; — L;), whereC; is the Py to constituent links of then-hop path. In other words, it
total capacity and.; is the currently reserved capacity. Fronneeds to assign valudsy,; and Py ;, such that the following
Equation 1, the corresponding minimum smoothing delay @grtition constraints are satisfied

UN/Hllin{Cl — L;}. The flow Fy can be admitted if the sum m
of minimum smoothing delay and per-link minimum delay Dy s +ZDN,1 <Dn (7)
budgets is smaller thab; otherwiseFy is rejected. More =1
formally, m
" [[a=Pyny) = —Py) ®)
N N DG -L)<Dy () =1
min{C; — L1}~ = and the number of flow requests that can be admitted into
the system in the long-term is maximizétere we assume
B. Load-based Slack Sharing (D-LSS) there exist correlation functiori®;(p; ;, P; ;) andP;(pii, Dii)
Once the flowFy is admitted, next step is to determine irdhat can correlate the bandwidth reservationto a statistical
actual delay assignment at each link along the unicast pailay Pound(D; i, ;).
We define theslackin delay as Di1 = Dy(piy, Py) (9)
ADy =Dy — Dn,s — Z Dy, (6) Py =Pi(pi; Dir) (10)
=1 In Section IV, we gave a concrete example of such correlation

If the flow Fy can be admitted, it means that after assigninfginctions in the context of deterministic delay guarantees
minimum delay budgets to the flow at each link, the slackhere link was serviced by a WFQ scheduler. At the end
ADy is positive. The purpose of slack sharing algorithrof this section, we will provide an example of how such
(D-LSS) is to reduce the bandwidth requirement of a neworrelation functions can be determined for statistical delay
flow Fy at each of them links in such a manner that theguarantees using measurement based techniques.

number of flows admitted in future can be maximized. A Note that the above condition on partitioning the end-
good heuristic to maximize number of sessions admissiliteend delay violation probability is more conservative than



forl =1tomdo { Initialize Dy and Py with the final Dy ; and Py values

Pnu=0; computed from the admission control algorithm;
Dy, = Di(Cy — Ly, 0);
} do {
while (Do + 3 Dy > Dy) and Dy = Dn; Py = Px;
i Dy =relax_delay(Py);
i Py =relax_prob(Dy);
1-Py1)>(1-P . - 5 5 5
(11;[1 ( ) Z ( ~)) } while( (| Dv — Dy |> threshp) or (| Py — Py |> threshp));
{ . = index of link such that reduction in Fig. 5. S-LSS: Load-based Slack Sharing algorithm for unicast flows
delay Dy, — Di(Ck — Ly, Pxi + 6) is with statistical delay guarantee.
maximum among all links;
Pn k= Py +9; resources along thé'y’s path is insufficient to support the
Dn i = Di(Ck — Lk, Py .); QoS requested anHy is rejected. In each iteration, that link
m is chosen whose delay budget reduces the most when its
} k is ch hose delay budget reduces th t when it
if (H (1 - Py,) < (1= Py)) violation probability bound is increased by a fixed amount,
=1 i.e, the one that maximizeBy ;, — Di(Cy, — Ly, Py i + 9).
Reject flow request Fy;
else B. Load-based Slack Sharing (S-LSS)

Accept flow request Fiy;

Fig. 4. The admission control algorithm for unicast flaf with
statistical delay requiremen{®Dy, Pn).

In the context of statistical delay guarantees, the goal of
slack sharing algorithm is to apportion both the slack in delay
ADpy and the slack in assigned probabilityPy over m
network links traversed by the flody. ADy is calculated

necessary. In particular, we assume that a packet can sati§{ji9 Equation 6 and\ Py is calculated as follows.

its end-to-end delay bound only if it satisfies its per-hop N ey (1= Pyy) 1
delay bounds. For instance a packet could exceed its delay N = (1— Py) (11)
bound at one_llnk, be serwced_early at. another link aloq_get the delay vector< Dy 1.Dna.--- . Dym > be rep-
the path and in the process still meet its end-to-end delra cented bvD~. Similarly. let Pa represent the probabilit
bound. However, modeling such a general scenario is difficu YEN- Y. N Tep P y

: : : vector < Py1,Pnp2,- -, Pnvm >. The S-LSS algorithm
and depends on the level of congestion at different links afogr unicast flows with statistical delay guarantees is given

their inter-dependence. Hence we make the most conserva Ve, . ; : ;
_ . : : In Figure 5. The algorithm starts with a feasible assignment
assumption that a packet which misses its local delay bounp minimum  delay vectorD v and orobability vectorP
N N

at any link is dropped immediately and not allowed to reachy . . : T ) .
. . . - obtained during admission control. In every iteration, the
its destination. This helps us patrtition the end-to-end deI%Y

violation probability into per-hop delay violation probabilities gorlth_r_n first relaxes the delay vectdy assuming fixed
as mentioned above. probability vectorPy, and then relaxes the probability vector

while fixing the delay vector. This process repeats itself till
the distance between the valuesdf; or betweenPy from
two consecutive iterations falls below a predefined threshold.
The admission control algorithm for the case of statisticgince the Py values affect theDy value relaxation step
delay guarantees is more complicated than the determinisfigd vice-versa, multiple rounds of alternating relaxation steps
case because it needs to check whether there exists at |a?§ttypically required to arrive at the final partition. The
one set of{< Dy, Py, >} that satisfy the partitioning relax _delay() procedure is similar to the deterministic D-
constraints 7 and 8. The detailed admission control algorithigs algorithm in Figure 3 except that the resource correlation
is shown in Figure 4. It starts with an initial assignment of;nction Dy(pn.) is replaced byD;(pni, Pni). Figure 6
minimum delay valueD,(C; — L;,0) to Dy, assuming that gives therelax _prob() procedure which is similar to
all the remaining capacity of th&" link is dedicated t0Fy  relax _delay() , except that the correlation function is
and Py, = 0. Since the initial assignment might violate endp,(,\ ;. Dy ;) and the slack in probability is defined as
to-end delay constraint, i.ey, + 3", Dy > Dy, the in Equation 11. In evaluations described in Section VI,
algorithm attempts to determine if there exists a loaBgl; e empirically observe that this two-step iterative relaxation

such that the delay partition constraint can be satisfied. Thalgorithm typically converges to a solution within 2 to 5
the algorithm iteratively increases the value of sofe; iterations.

by a certain amouné and recomputes its associatéty , )

until either Dy , + 32", Dy, becomes smaller thaPy, or €. Delay to Resource Correlation

[1,~, (1 — Py,) becomes smaller thafl — Py). In the first In this section, we briefly give an example of a link-
case,Fy is admitted since a constraint satisfying partitiotevel mechanism to determine the correlation functiéné.)
exists; in the latter case even assigning all the availatded P;(.) for statistical delay guarantees using measurement

A. Admission Control



60 =0.5; !
b= 5; gu«;— -
Whl|e(1) { é 08 i
forl =1tomdo { uzm, B
png = maz{(Cy — Ly — BiCib), pN7} Sosl |
Py, = Pi(pn,, Dn l) /* Violation probability at link [ */ =l |

ITZ, (1= Pnya). P
slack = ——=———"%; Zosr i
(1 - Pn) 2.l |
if(slack > 1 and slack < PThreshold) Corr - . 7

N o0 . L
return Py ; 0.001 001 1
N Ratio of actual to worst- caee delay

6=46/2; Fig. 7. Example of cumulative distribution function (CDF) of the ratio of
' actual delay to worst-case delay experienced by packets. X-axis is in log scale.

if(slack > 1)

b=">b+;
else as follows.
b=b-9¢;
} D,
ity Di1)=1—Prob| ———— 13
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Pn, given a delay assignment vectbry .

An important aspect of DDM approach is that the measured
CDF changes as new flows are admitted. Hence, before using
based techniques. The approach, called Delay Distributitre distribution Prob(r) to estimate a new flow’s resource
Measurement (DDM) based admission control, is describeguirement, DDM needs to account for the new flow’s future
in detail in [8]. The DDM approach reduces the resourdenpact on Prob(r) itself. Details of the impact estimation
requirement for each real-time flow at a link by exploitindechnique are presented in [8].

the fact that worst-case delay is rarely experienced by packets
traversing a link. VII. PARTITIONING FOR MULTICAST FLOWS

CDF construction: Assume that for each packét the It is relatively straightforward to generalize the algorithms in
system tracks the run-time measurement history of the ratio Sections V and VI to multicast flows. We call these algorithms
of the actual packet delay expenenc@@l to the worst-case D-MLSS and S-MLSS for deterministic and statistical versions
delay ch, ie.,r, = zl/D where r, ranges between of LSS algorithm for multicast flows. In this section, we focus
0 and 1. The measured samples of ratip can be used to on the deterministic version (D-MLSS). The statistical version

construct a cumulative distribution function (CDPyrob(r). (S-MLSS) can be derived in a manner similar to the unicast
Figure 7 shows an examp|e of a CDF constructed in thSe (S'LSS) and a detailed description of S-MLSS is provided
manner in one simulation instance [8] using aggregate Vol [8]. A real-time multicast flowFy consists of a sender at
flows. We can see from the figure that most of the packé{@ root andK receivers at the leaves. We assume that the
experience less thaty4'” of their worst-case delay. end-to-end delay requirement is the same vdlye for each

Resource mapping The distribution Prob(r) gives the of the K leaves, although the number of hops from the root to

probability that the ratio between the actual delay encounterg@Ch Of thek” leaves may be different. A multicast flow with
[receivers can be logically thought of &S unicast flows,

by a packet and its worst-case delay is smaller than or eqég\
to r. Conversely, Prob~'(p) gives the maximum ratio of one flow to each leaf. Although logically treated as separate,

actual delay to worst-case delay that can be guaranteed withg £ unicast flows share a single common reservation at
probability of p. The following heuristic gives the correlation€ach common link along their paths. Here we briefly describe
function Dy (pi 1, Pir). the essence of the admission control and delay partitioning

algorithms for multicast flows and the details are presented
in [8].

Lmaw Lma:r —
Dulpia, Pia) = ( pil - C ) x Prob™ (1-Pyy) (12) A. Admission Control

A K-leaf multicast flow with an end-to-end delay require-
The term(Ly,q5/pi1 + Limaz /Ci) represents the deterministicment can be admitted if and only if all of the constituent
(worst-case) delay from Equation 2 with; = 0. In other K unicast flows can be admitted. The admission control
words, to obtain a delay bound &1, ; with a delay violation algorithm for multicast flow thus consists of applying a variant
probability bound ofP;;, we need to reserve a minimumof the unicast admission control algorithm in Section V to
bandwidth ofp; ; which can guarantee a worst-case delay @ach of the/X unicast paths. The variation accounts for the
D¥¢ = Dy(piy, Piy)/Prob='(1 — P;;). The corresponding fact that theX unicast paths are not completely independent.
inverse functior, (pi,i, D) can be derived from Equation 12Specifically, since thek unicast paths are part of the same



tree, several of these paths share common links. Before vegrsions to handle the two simultaneous QoS requirements of
ifying the admissibility of j** unicast path, theDy; values end-to-end delay and delay violation probability. Hence we

on some of its links may have already been computed whitempare these schemes for both deterministic and statistical
processing unicast pathisto j — 1. Hence, we carry over cases. As a note on terminology, D-ESS and S-ESS refer to
the previousDy; assignments for links that are shared witlleterministic and statistical versions of ESS scheme for unicast

already processed paths. flows, D-MESS and S-MESS refer to the same for multicast
) flows and so on for PSS.
B. Load-based Slack Sharing (D-MLSS) The admission control algorithm that we use for ESS, PSS,

To compute the final delay partition for the links of/& OPQ, and their multicast versions is exactly the same as what
leaf multicast path, we apply a variant of the D-LSS algorithmwe propose in this paper for LSS and MLSS. In other words,
in Figure 3 to theK unicast paths one after another. Twdefore slack sharing is performed using any of the schemes,
variations deserve mention here. First the delay relaxationtige decision on whether to admit a new flow is made by
applied to unicast paths= 1 to K in the increasing order of comparing the accumulated end-to-end minimum QoS against
their current slack in delay budgéby —Dn s—>","", Dn,), the required end-to-end QoS. Thus the differences shown in
where Dy s is the smoothing delay defined in Equation lperformance result solely from different techniques for slack
and m; is the length of;j!" unicast path.. This processingsharing.
order ensures that slack partitioning along one path of the )
tree does not violate end-to-end delay along other paths that Evaluation Setup
may have smaller slack. Secondly, when procesgifiginicast ~ We evaluate the performance of different slack sharing
path, the delay relaxation only applies to those links which aadgorithms using both unicast and multicast paths. The first
not shared with paths to j — 1, i.e. those links in thg/*” topology for unicast paths (Unicast-1) has 45 Mbps capacity
path whoseDy; values have not yet been determined. at the last link and 90 Mbps capacity at all other links. The
second topology for unicast paths (Unicast-2) has a mix of
link capacities between 45 Mbps to 200 Mbps. Similarly, the

In this section, we evaluate the performance of the L38ulticast-1 topology consists of the tree in which destinations
and MLSS algorithms for unicast and multicast flows againate connected to 45 Mbps links whereas interior links have
three other schemes. The first scheme, named Equal Sl&@6kMbps capacity. The Multicast-2 topology consists of a
Sharing (ESS), is based on the Equal Allocation (EA) schemax of link capacities. Both unicast and multicast algorithms
proposed in [9]. EA equally partitions the end-to-end deldyave also been compared over a grid topology and a general
among the constituent links in the path of a unicast flowopology based on Sprint’s North American IP backbone and,
As discussed in Section lll, ESS is an improvement over Edue to space considerations, the results are presented in [8].
since it partitions the slack in end-to-end QoS (delay and/orAll evaluations of LSS algorithms in this paper use-= 1 in
delay violation probability) equally among the constituerthe slack sharing phase since it leads to perfect load balancing
links. MESS is a multicast version of ESS in which thevith the topologies considered here. In the context of general
variations proposed in Section VIl are applied. The secomeétwork topologies, different values g8 may be chosen
scheme, named Proportional Slack Sharing (PSS), is baseddlepending upon the optimization objective of the routing
the Proportional Allocation (PA) scheme proposed in [7]. PAlgorithms being employed in the network. For instance,
directly partitions the end-to-end QoS in proportion to loadsith network-wide load-balancing as the optimization criteria,
on constituent links of unicast/multicast path. As with ES&sults in [8] show thats values that are set in inverse
scheme, PSS is a variant of PA that partitions the slack in ermtoportion to expected link utilization values form a good
to-end QoS in proportion to the loads on constituent links amthoice for general network topologies.

MPSS is a multicast variant of PSS. The third scheme is theAlgorithms for deterministic end-to-end delay guarantees
Binary-OPQ (or OPQ for short) proposed in [24] for unicagiD-* schemes) are evaluated using C++ implementations
paths, which requires that the global optimization objectiughereas those for statistical delay guarantees (S-* schemes)
be expressed as the sum of per-link cost functions. We ume evaluated using dynamic trace driven simulations with
squared sum of per-links loads, i.8.;",(L;/C;)?, as the the ns-2 network simulator. Each real-time flow traffic in
cost to be minimized for global optimization since it capturesace driven simulations consists of aggregated traffic traces of
overall loads as well as variation in loads across different linkecorded VolP conversations used in [25], in which spurt-gap
Thus we defined the per-link cost in OPQ(ds/C;)?. Again, distributions are obtained using G.729 voice activity detector.
we partition the slack in end-to-end QoS rather than the erfach VolP stream has an average data rate of arobikdbps,
to-end QoS directly. MOPQ is the multicast version of OPQeak data rate 084 kbps, and packet size df,,,, = 128
proposed in [24]. bytes. We temporally interleave different VoIP streams to

Since OPQ and MOPQ operate with only a single end-tgenerate 5 different aggregate traffic traces, each with a data
end QoS requirement, we compare them only against the date of p/"Y = 100kbps. The results shown in statistical
terministic D-LSS and D-MLSS versions. On the other hanéxperiments are average values over 10 test runs with different
it is straightforward to extend ESS, PSS and their multicastndom number seed used to select VoIP traces and initiate

VIIl. PERFORMANCEEVALUATION



Scenario Topology | ESS | PSS | OPQ | LSS
Unicast/Deterministic Unicast-1 | 219 | 263 271 295
D; = 60ms Unicast-2 | 225 | 275 284 310
Unicast/Statistical Unicast-1 81 121 | N/A 319
D; = 45ms P; = 10~° Unicast-2 81 117 N/A 292
Multicast/Deterministic | Multicast-1 | 221 | 268 265 292
D; = 60ms Multicast-2 | 219 | 249 244 267

TABLE |
FLOWS ADMITTED WITH ESS, PSS, OPQIND LSSALGORITHMS. LENGTH=7, p;"? = 100Kbps AND o; = 5 Kbits.

Unicast-2 Topology Multicast-2 Topology
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Fig. 8. Number of flows admitted with Unicast-2 and Multicast-2 topologies with deterministic delay guarantees. Hi38=%,100 K bps,
D; = 60ms, 0; =5 Kbits.

new flows. Flow requests arrive with a random inter-arrivddut in coming up with a cost metric that accurately captures the
time between 1000 to 5000 seconds. We perform evaluatidonad-balancing criteria. In this case, OPQ algorithm performs
mainly for the 'static’ case in which flow reservations that arigs work of coming up with a solution that is close to optimal
provisioned once stay in the network forever. The WFQ [20fh minimizing the specific cost metric; however, the best cost-
service discipline is employed for packet scheduling at eaatetric we can construct turns out to be only an approximation
link in order to guarantee the bandwidth shares of flowsf the final load-balancing optimization objective. Instead of
sharing the same link. In the rest of the section, we presemiplicitly capturing the load-balancing criteria by means of a
performance results for cases of unicast flows with determioest function, the LSS algorithm approaches the problem in
istic and statistical delay requirements, and multicast flovesreverse fashion by exploring only those slack partitions that
with deterministic delay requirements. For multicast flows, th@aintain explicit load balance among the links.

memory requirements in the case of statistical trace driven _ _

simulations do not scale in our current system and hence their Capacity Evolution

results are not presented. In order to understand why the LSS algorithm admits a
. ) higher number of flow requests than other algorithms, we
B. Effectiveness of LSS Algorithm compare their resource usage patterns. Figure 9 plots the
We first take a snapshot view of the performance of LS&olution of available link bandwidth on the constituent links
algorithm in comparison to ESS, PSS and OPQ algorithm$ the Unicast-2 topology when flows require a deterministic
and later examine the impact of different parameters in detahd-to-end delay bound afoms. Figure 10 plots the same
Table | shows the number of flows admitted over a 7-hagurves when flows require statistical end-to-end delay bound
paths for unicast and multicast flows with deterministic anof 45ms and delay violation probability of0—°. We used
statistical delay requirements. Figure 8 plots the numbarsmaller statistical delay bound dbms compared to the
of flows admitted with deterministic delay guarantees unddeterministic delay bound ad0ms in Figure 9 because, for
Unicast-2 and Multicast-2 topologies for different mixes oftatistical case, the difference in performance among different
link bandwidths. The table and figures demonstrate that in algorithms is evident only at smaller delay bounds. Figure 11
scenarios, LSS consistently admits more number of flows thplots the same curves for Multicast-2 topology with tree depth
all other algorithms. This is because LSS explicitly attemptsf 7 when multicast flows require end-to-end deterministic
to balance the loads across different links. In contrast, E®8lay bound of60ms. At any point in time, LSS is able to
algorithm does not optimize any specific metric and PS&plicitly balance the loads on constituent links. On the other
algorithm does not explicitly balance the loads among theand, the link loads are imbalanced in the case of ESS, PSS
links. Similarly we see that the performance obtained witaind OPQ algorithms. Specifically, the bandwidth of the links
OPQ algorithm is worse than that with LSS. with lower capacity is consumed more quickly than that of
The main problem lies not within the OPQ algorithm itselflinks with higher capacity and consequently fewer number of
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Fig. 11. Evolution of available link capacity with the number of flows admitted for multicast flows with deterministic delay guarantee. Tree

depth=7,p{"? = 100K bps, D; = 60ms, o; = 5 Kbits.

flows are admitted. Note that a single link with insufficienof the slack in end-to-end delay. A maximum of 450 flows
residual capacity is enough to render the entire network patfith 100 Kbps average data rate can be admitted by any of
unusable for newer reservations. Among ESS, PSS and OfP®@ algorithms since the smallest link capacity is 45 Mbps.
algorithms, OPQ and PSS have similar performance followed
by the ESS. The differences in performance arise from tife Effect of End-to-end Delay Violation Probability
extent to which each algorithm accounts for load-imbalanceFigure 13 plots the variation in average number of admitted
between links. For multicast flows in Figure 11, the capaciffows over unicast and multicast paths as their delay violation
evolution curves are not perfectly balanced in the case of Brobability bound is varied froi0—¢ to 10~! for a45ms end-
MLSS due to the fact that the assigned bandwidth on somgend delay bound. The LSS algorithm is able to admit far
of the links is lower-bounded by the 100 Kbps average ragore flows than ESS and PSS algorithms since it can perform
of flows which is larger than the 'delay-derived’ bandwidthoad-balanced slack sharing along both the dimensions of
required to satisfy the delay budget at those link. delay as well as delay violation probability. The performance
gain for LSS over ESS and PSS is much larger than in the
case of deterministic delay requirements (Figure 12) because
Figure 12 plots the variation in number of admitted flow§ven a small increase in delay violation probability yields a
over unicast and multicast topologies as their end-to-end d@égnificant reduction in resources assigned to a flow.
terministic delay requirement is varied. With increasing dela
all the four algorithms admit more number of flows, since & Effect of Path Length
less strict end-to-end delay bound translates to lower resourc&igure 14 plots the variation in nhumber of admitted flows
requirement at intermediate links. Again, LSS admits moteving deterministic delay requirements6oims, as the length
flows than others since it performs load-balanced partitionimg the unicast path increases. For all the four algorithms, there

D. Effect of End-to-end Delay
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Unicast-2 Topology IX. CONCLUSION

300 — e Resource provisioning techniques for network flows with

»sol ] end-to-end delay guarantees need to address an intra-path

0 |ooSEsS ] load balancing problem such that none of the constituent
** S-LSS

553

(=3

(=1
T

links of a selected path exhausts its capacity long before
] others. By avoiding such load imbalance among the links
] of a path, resource fragmentation is less likely and more
7 flows can be admitted in the long term. We have proposed
] a load-aware delay budget partitioning algorithm that is able
L ] to solve this intra-path load balancing problem for both unicast
0T e ey violation probgbitiey <! and multicast flows with either deterministic or statistical
Fig. 13. Average number of flows admitted vs. end-to-end dela€l@y requirements. In particular, the proposed Load-based
violation probability bound. Hops=1); = 45ms, p{*Y = 100K bps lack Sharing (LSS) algorithm allocates a larger share of
ando; = 5 Kbits. Averages computed over ten simulation runs witthe delay slack to more loaded links than to less loaded
different random seeds. links, thus reducing the load deviation among these links.
Through a detailed simulation study, we have shown that
the LSS algorithm can indeed admit more number of unicast
is a drop in the number of flows admitted with increasingr multicast flows in comparison with three other algorithms
path length because the same end-to-end delay now has t@lmposed in the literature. The improvement is up to 1.2 times
partitioned among more number of intermediate hops. Thig flows with deterministic delay bounds and 2.8 times for
increasing the path length has the effect of making the ergtatistical delay bounds.
to-end requirement more strict, which in turn translates toIn a larger context, the proposed delay partitioning algo-
higher resource requirement at the intermediate links. Théhm is just one component of a comprehensive network
LSS algorithm still outperforms the other three algorithms iresource provisioning framework. While the proposed algo-
terms of number of flows it can support since it manages théhms are described in the context of a given unicast path
decreasing slack in delay to counter load imbalance amoog multicast tree, eventually these algorithms need to be
links. integrated more closely with other components such as QoS-
aware routing or inter-path load balancing to achieve global
optimization. Quantitatively exploring the inherent interactions
G. Effect of Burst Size between intra-path and inter-path load balancing schemes is a
fruitful area for future research.
Figure 15 plots the impact of increase in burst size on the
number of flows admitted with deterministic delay requirement
of 60ms. For all the four algorithms, the number of flows Ve would like to thank Henning Schulzrinne and Wenyu

admitted drops with increasing burst size. Recall that burligng for providing the VoIP traces used in our simulations.
size contributes to the smoothing delay/p™" before the We would also like to thank Pradipta De, Ashish Raniwala,
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ingress node. For larger burst size a higger fraction of emdrikant Sharma and anonymous reviewers for their insightful
to-end delay is consumed at the smoother in Figure 2 afdggestions that helped improve the presentation of this paper.
consequently a smaller fraction of the delay is left for partition REFERENCES
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Fig. 15. Number of flows admitted vs. burst size. HopsZF, = 60ms, and p;"? = 100K bps.

A.K. Parekh and R.G. Gallager, “A generalized processor sharing
approach to flow control in integrated services networks: The single-
node case,IEEE/ACM Transactions on Networkingol. 1(3), pp. 344— [16]
357, June 1993.

A. Shenker, C. Partridge, and R. Guerin, “Specification of guaranteed
quality of service,” RFC 2212, Sept. 1997. [
L. Zhang, “Virtual clock: A new traffic control algorithm for packet
switching networks,” inProc. of ACM SIGCOMM'90, Philadelphia,
PA, USA Sept. 1990, pp. 19-29.

L. Georgiadis, R. Guerin, V. Peris, and K. N. Sivarajan, “Efficient netl18]
work QoS provisioning based on per node traffic shapingEE/ACM
Transactions on Networkingol. 4(4), pp. 482-501, August 1996.

H. Zhang, “Service disciplines for guaranteed performance service H‘g]
packet-switching networks,” ifProc. of IEEE Oct. 1995, vol. 83(10),

pp. 1374-1396,. 20]
V. Firoiu and D. Towsley, “Call admission and resource reservation fc;r
multicast sessions,” ifProc. of IEEE INFOCOM’'96 1996.

K. Gopalan, Efficient Provisioning Algorithms for Network Resource[21]
Virtualization with QoS GuaranteesPh.D. thesis, Computer Science
Dept., Stony Brook University, August 2003.

R. Nagarajan, J. Kurose, and D. Towsley, “Local allocation of end-tqu]
end quality-of-service in high-speed networks,” Rmoc. of 1993 IFIP
Workshop on Perf. analysis of ATM Systems, North Holldiad. 1993,

pp. 99-118. [23]
D.H. Lorenz and A. Orda, “Optimal partition of QoS requirements
on unicast paths and multicast treesJEEE/ACM Transactions on
Networking vol. 10, no. 1, pp. 102-114, Feb. 2002.

F. Ergun, R. Sinha, and L. Zhang, “QoS routing with performancf4]
dependent costs,” iRroc. of INFOCOM 2000, Tel Aviv, IsraeMarch

2000.

M. Kodialam and S.H. Low, “Resource allocation in a multicast tree[25]
in Proc. of INFOCOM 1999, New York, N¥larch 1999.

D. Raz and Y. Shavitt, “Optimal partition of QoS requirements with
discrete cost functions,” ifProc. of INFOCOM 2000, Tel Aviv, Israel
March 2000.

R. Guerin and A. Orda, “QoS-based routing in networks with inaccurate
information: Theory and algorithms,” IEEE/ACM Transactions on
Networking vol. 7(3), pp. 350-364, June 1999.

D.H. Lorenz and A. Orda, “QoS routing in networks with uncertain

parameters,” IEEE/ACM Transactions on Networkingol. 6(6), pp.
768-778, December 1998.

D. Ferrari and D.C. Verma, “A scheme for real-time channel estab-
lishment in wide-area networks,JEEE Journal on Selected Areas in
Communicationsvol. 8(3), pp. 368-379, April 1990.

17] H. Zhang and E. Knightly, “Providing end-to-end statistical performance

guarantees with bounding interval dependent stochastic models,” in
Proc. of ACM SIGMETRICS'94, Nashville, TMay 1994, pp. 211-
220.

M. Reisslein, KW. Ross, and S. Rajagopal, “A framework for guar-
anteeing statistical QOSJEEE/ACM Transactions on Networkingol.
10(1), pp. 27-42, February 2002.

A. Demers, S. Keshav, and S. Shenker, “Analysis and simulation of
a fair queuing algorithm,” irProc. of ACM SIGCOMM’'891989, pp.
3-12.

L. Zhang, “Virtual Clock: A new traffic control algorithm for packet-
switched networks,ACM Transactions on Computer Systend. 9(2),

pp. 101-124, May 1991.

J. Liebeherr, D.E. Wrege, and D. Ferrari, “Exact admission control for
networks with a bounded delay servicd EEE/ACM Transactions on
Networking vol. 4(6), pp. 885-901, Dec. 1996.

A.K. Parekh,A generalized processor sharing approach to flow control
in integrated services network®h.D. thesis, Massachusetts Institute of
Technology, Feb. 1992.

A.K. Parekh and R.G. Gallager, “A generalized processor sharing
approach to flow control in integrated services networks: The multiple-
node case,IEEE/ACM Transactions on Networkingol. 2(2), pp. 137—
152, April 1994.

D.H. Lorenz and A. Orda, “Optimal partition of QoS requirements on
unicast paths and multicast trees,” Rroc. of INFOCOM'99 March
1999, pp. 246-253.

W. Jiang and H. Schulzrinne, “Analysis of On-Off patterns in VoIP
and their effect on voice traffic aggregation,” firoc. of ICCCN 2000
March 1996.



