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Abstract—To provide statistical service guarantee and achieve applications are so diverse that their quality of service (QoS)
high network utilization, measurement-based admission control requirements can be far from each other. In such casss,
(MBAC) has been studied for over one decade. Many MBAC flow MBACalgorithms are preferred [22].

algorithms have been proposed in the literature. However, most In thi f iding SSGs to individual
of them belong to aggregate MBACalgorithms which assume or n this p_aper, we locus 9” providing S 10 Individua
require that (1) First-In-First-Out (FIFO) is used for aggregating flows. Particularly, we consider a flow-aware network where
flows; (2) statistical service guarantees are provided to the ag- each flow may have different SSG requirements. We propose
gregate of admitted flows; (3) each flow requires and experiences an MBAC algorithm that adopts priority to schedule flows
thel sahme Stat'St'Calfser"'ce g“a;f‘”te&séiétﬂe aggregate. 4o [N the system and uses measurements of existing traffic to
n this paper, we focus onper-flow that aims to provide T : .

possibly different statistical service guarantees to individual flows Qetermlne if or not a requesting f!ow can b? admitted pased on
in an aggregate_ Particu|ar|y’ we propose asimple per-ﬂow |tS requ'red SSGS A neWIy adm'tted ﬂOW IS alWayS g'Ven the
MBAC algorithm in which dynamic priority scheduling (DPS) is  lowest priority and its priority level is improved if an existing
adopted to aggregate flows. With this DPS-based per-flow MBAC flow leaves the system or other flows are admitted after its
algorithm, a newly admitted flow is always given a lower priority  54mjissjon. For the admission control, both delay and loss are

level than all existing flows, and its priority level is improved if . . .
an existing flow leaves the system. Consequently, once a flow is'taken into account. Analytical results for the proposed dynamic

admitted, its received service will not be adversely affected by Priority scheduling (DPS) MBAC are presented. The proposed
other flows admitted after it. Because of this, there is no need to DPS MBAC implies that the experienced SSGs of an admitted

re-check or adjust network resources allocated to existing flows flow is not adversely affected by flows admitted after it.
due to the admission of a new flow. The rest is organized as follows. Sec. Il introduces flow-
aware networking briefly. Sec. Ill provides some preliminaries
for analysis. Sec. IV introduces the DPS MBAC algorithm and
While many network applications such as VolP and strearits analysis. Sec. V presents some numerical results. Finally,
ing audio and video are both delay and loss sensitive, they caanclusion is made in Sec. VI.
tolerate some delay and loss. As a result, statistical service
guarantees have attracted a lot of research interest in the past
decade. For providing statistical service guarantees (SSG%),Flow-Aware Networking
measurement-based admission con{MBAC) has long been  We consider a flow-aware network. In the network, a flow
recognized as an important technique because of its abilityindefined to be and identified as a set of packets related to
achieving high network utilization when ensuring SSGs.  an instance of some network application observed at a given
In measurement-based admission control, an MBAC atetwork point with an inter-packet interval less than a certain
gorithm uses thea priori source characterizations only fortime-outperiod. Specifically, a flow consists of packets having
incoming flows and for existing flows that have been in ththe same values in certain header fields. A flow is said to have
system, it uses measurements to characterize them. In émeled or left when no packet with the same header field values
literature, many MBAC algorithms have been proposed arisl observed for the time-out period. There are several possible
investigated [15][6][23]. While these algorithms use differenivays to identify a flow. One is to use the five-tuple of IP
analytical bases for admission test, they commonly assumeaaidresses, protocol and port numbers. Another is to use the
require that [15](1) FIFO is used for aggregating flows; (2) flow label field in the IP header as specified by IPv6 associated
statistical service guarantees are provided to the aggregatéth the source and/or destination addresses. Here, we simply
of admitted flows; (3) each flow in the aggregate requireassume each flow can be identified, but how this is done is
and experiences the same statistical service guarantees asdhe of the scope.
aggregate.We call these algorithmaggregate MBACalgo- Flow-aware networking was proposed recently as an alterna-
rithms. While the above assumptions and requirements haixe QoS architecture for the Internet [5][22]. While an IntServ
made current MBAC algorithms simple, networked multimediaetwork also requires flow-level identification, per-flow service
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guarantees are mainly provided in the deterministic Guar- MBAC
anteed Service manner, which can cause significant under- Admission Decision Algortthm
utilization of network resources as pointed out by researchers
(e.g. [22] and references therein). Although IntServ has defined
Controlled Load service for utilizing statistical multiplexing Requesting | Leaving
gain to achieve higher network utilization, the requirement Flow o~ i — System Resources | Flows
of a signaling protocol and using TSpec (token bucket traffic e »
specification) for specifying the traffic has imposed significant
constraints to customers and limited its use [22]. Fig. 1. Structure of MBAC

A flow-aware network is designed to achieve high network
utilization and provide SSGs without the need of using signal-
ing and TSpec. Particularly, it achieves this by assuming that
the amount of traffic generated by an individual flow is alway?1
less than a certain ratio of the total capacity on a link [221
Let C be the total link capacity and,, be the ratio. Then, this
assumption implies that approximately the cumulative amou
of traffic A,,(t) generated irf0, t] by the flow satisfies,

s )

Traffic Estimator Resource Estimator

A

Fig. 1 and research in the literature (e.g. [6]) show that the
ree elements can be decoupled. In this paper, we focus on
he admission decision part. In the rest, we simply use MBAC
orithm to refer to this part. In the past decade, many such
BAC algorithms have been proposed, and several reviews
are available [23][6]. While using different approaches and/or
An(t) < a,Ct. (1) different analytical bases, most of these MBAC algorithms

Using (1) as thdmplicit traffic descriptor of an incoming assume FIFO aggregation and belong to aggregate MBAC,

. o o . In this paper, we focus on a flow-aware network. For such
flow, no signaling is needed to convey explicit traffic informa- .
. . networks, flow level MBAC is the key to QoS control [5].
tion from the sender to the network. In addition, the servi

“For this, flow aggregation approaches other than FIFO may

requirement of the flow may be implicitly set in the network o . - .
can be carried by some header field of the flow’s first packlbte needed. We shall use dynamic priority scheduling (DPS)

Under DiffServ architecture, similar approach has been usz%.aggregate flows and perform per-flow MBAC.
Particularly, the DSCP field carried by each packet tells each
node along its path the service it requires [4]. The detailed
way of mapping the header field to the service requirement isThis section provides an introduction to a stochastic traffic
out of this paper’s scope. model and the calculus developed based on this traffic model
In flow-aware networks, per-flow MBAC is required [5]for stochastic QoS analysis. The traffic model is based on the
[22], which is different from MBAC for IntServ Controlled generalized stochastically bounded burstiness (gSBB) concept
Load service where MBAC algorithms are aggregate-based25]. Intuitively, in gSBB, the input process of a flow is
We consider a single link in the flow-aware network andhodeled with its queue length distribution in a virtual system.
investigate MBAC on this link. For ease of exposition, w& he virtual system is a single server queue (SSQ) system with
assume that there is only one traffic class, all considered floasnstant rate server and the same input flow. Specifically, let
belong to the same class and the total capacity and total bufféfs, t) andQ(¢; ) = sups<:{A(s,t) —r(t — s)} respectively
are allocated to this class. While this single-link single-clasfenote the amount of traffic arriving betweemndt¢, and the
configuration as in [6] is rather simple, the basic performancgieue length in the virtual SSQ system with constant service
aspects of MBAC to be investigated are most easily revealadter at timet for the input process. For ease of exposition, we
. simply useA(t) to replaceA(0, t) representing the cumulative
B. Measurement-Based Admission Control traffic genergt)ed ifo, ¢]. Tkgen,)gSBB is defined as follows
Fig. 1 depicts the MBAC structure that shows an MBAQ25]:
algorithm typically includes three elements: (1) admission Definition 1: Let BF be the set of all functions oft), co)
decision algorithm; (2) traffic estimator; (3) resource estimatogych thatf(-) € BF implies thatl — f(-) is a distribution
The MBAC algorithm keeps measuring traffic in the systefunction. A stochastic proces4(t) is said to have a gener-
and/or remaining system resources such as available bagfzed Stochastically Bounded Burstiness (gSBB) with upper
width and buffer size. Based on the measurement, the traffige » and bounding functiory(z)(e BF), iff for all z > 0
estimator estimates how much traffic is in the system and wha{id+ > 0, there holds
its characteristics are; the resource estimator estimates how
much resource remains. When a flow requests admission to P{Q(t;r) >z} < f(x).
the system, the MBAC algorithm uses the admission control Throughout the rest of the paper, we use the notatign ~
algorithm to decide if this flow can be admitted. This decisiof)f, ) to denote that procesd(t) is gSBB with upper rate
is based on the inputs from the traffic estimator and theand bounding functiorf. This corresponds to the notation
resource estimator. In addition, the decision also relies on som&) ~ (o, p) used in the context of deterministic traffic model
input from the requesting flow, which typically includes itq9], which defines that the amount of traffic generated in any
quality of service requirement and its traffic description.  period (s, ¢] is upper-bounded oA (s,t) < o + p(t — s).
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It has been shown in [25] that many types of traffic belong(t — ¢o) + A(to). Then,

to gSBB, which include Poisson, Weibull and Gaussian types B(t) — supysolrs — B(s)}
of traffic. In addition, many non-Gaussian types of traffic such . =
as a-stable self-similar traffic are also gSBB [25]. < A() = AT(E) = r(t —to) + Bt —to)
A direct property of gSBB from its definition is that if a = A(t) — A(to) —r(t —to) + B(t —to) + A(to) — A™(?)
flow is gSBB with bounding functiorf and upper rate, then < Q(t;7) + A ® B(t) — A*(t). 4)

it is gSBB with the same bounding function and any upper rate
not less than-. Another interesting property of gSBB is thath
the multiplexing of multiple gSBB flows results in a gSBB

Note that in the last relation in (4), disappears and (4)
olds for all suchty. Consequently, for any,

(aggregate) flow [25][20]. P{B(t) — sups>o{rs — B(s)} > x}
In the remaining part of the paper, the following operator < P{Q(t;r)+ A®p[(t) — A*(t) > z}.
is use.d,. yvhich is defined under thg min-plus algebra [3] [18]: Since by gSBB definitionP{Q(t:7) > z} < f(z) and
Definition 2: Consider two functions'(z) andh(x). by SSC definition,P{A ® 3(t) — A*(t) > =} < g(x), then
. with the multiplexing property (3) of®, we get, P{B(t) —
f® h(x). = infocy<e{f(@—y) +h(y)} sups>oirs — B(s)} >z} < f ® g(x), which ends the proof.
Many properties ofv have been proved [3] [18] [20]. One - -
is the commutativity property [3] [18], which is Proposition 2: Consider a system with an input flow. Sup-
pose the flow has input procesd(t) ~ (f,r) and the
feh(@)=he f(z). (2)  system provides a SSQ3(t), g(z)) to the flow. LetD(t) =

infr>o{7 : A(t) < A*(t + 7)} denote the delay seen by the

Another property, which we shall call the multiplexing PrOPHow at timet. Then

erty of ®, is that for any two stochastic processgs(t) and

Qo(t), if P{Qi(t) > z} < fi(z) and P{Qa(t) > z} < P{D(t) > d(2)} < f ® g(z),
fa(z), then [20]: whered(z) = supi>of{inf{r > 0:rt+x < St +7)}}.
Proof: Consider any timet. By definition, D(t) =
P{Q1(t) + Q2(t) > 2} < f1 ® fa(a). () infrso{r: A(t) < A*(t+7)}, which implies that, for anyl,

. _if D(t) > d, there must bed(t) > A*(t+d), since otherwise
Another concept that will be used for later analysis i§ there would beA(t) < A*(t +d), we would haveD(t) < d
stochastic service curve (SSC) [10][19] which is a generglyich contradicts the conditio(t) > d. In other words, if
stochastic server model defined as follows: event{D(t) > d} happens, evenfA(t) > A*(t + d)} must
Definition 3: A system is said to provide a stochastic sehappen.
vice curve (SSC)A(t), g(x)) to a flow A(t), iff for all t >0 We now assumeA(t) > A*(t + d;). Let d(z) =
andz > 0, supisofinf{r > 0 : rt + = < B(t + 7)}}. Note that for
any ¢, there exists som&) (< t + d) that makesAd ® 3(t + d)
P{A® B(t) — A*(t) > z} < g(x), reaches its minimuma ® 3(t + d) = A(t 4+ d — to) + B(to).
Let dy = do(s) = inf{r > 0:rs+a < B(s+ 1)} for
where A*(t) denotes the output process of the flow from th‘énys. Clearly,d(z) > do and by lettings = to — do in do(s),
system,3(t) is a non-negative non-decreasing functiontof r(to —do) +a < ﬁ(%)
with 3(0) = 0, g(x) is a non-increasing function of and  \\e then have
g(x) >0 for all . .
If the SSC of a system is known and the input process Qt;r) + A® Bt + d(x)) - A(t +d(2))
belongs to gSBB, then the following propositions can be used [A(t) — A(t + d(z) — to) — r(to — d(2))]
to derive the stochastic delay and buffer length in the system. +[B(to) + A(t + d(z) —to)] — A*(t + d(x))
Their proofs could also be found from [10] [19]. Blto) — r(to — d(z)) > Blto) — r(to — do)
Proposition 1: Consider a system with an input flow. Sup-
pose the flow has input procesggt) ~ (f,r) and the system - ®)
provides a SSGf(t), g(x)) to the flow. LetB(t) denote the  Note that in the last step abové, is no more there. We

Y

AV

backlog of the flow in the system at tinte Then, hence can conclude that for anyif A(t) > A*(¢+d;) holds,
then (5) holds. Consequently, we can further conclude that if
P{B(t) > b(z)} < f ® g(x), D(t) > d(x), then (5). Based on this, we get

whereb(z) = supi>o{rt + = — 8(t)}. P{D(t) > d(x)} .

Proof: By definition, B(t) = A(t) — A*(t), where A* (t) < PRt +A@ Bt +d(w) — A™(t +d(2)) > a3,
denotes the amount of output traffic up to tiheFor any¢, with which, the definition of gSBB, the definition of SSC, and
supposeA ® [(t) reaches its minimum at somg. In other the multiplexing property (3) of®, the proposition is proved.
words, with the commutativity property (2) @b, A ® 8(t) = ]



IV. DPS-BASED PER-FLOW MBAC ALGORITHM rejected. The admission control algorithm rejects a flow by
In this section, we present the dynamic priority schedulingf P!y dropping packets from the flow, or if there is a best-

(DPS) based per-flow MBAC algorithm. effort traffic class, the flow is added to this class. It is left
as the responsibility of the sender and/or receiver of the flow
A. Flow Scheduling and Buffer Allocation to re-act to the possible dropping, but how such a reaction is

In the proposed DPS MBAC, each admitted flow has i@one is out of the scope of this paper.
dedicated queue. Priority scheduling is performed amon
admitted existing flows in the system. An earlier admitte
flow has higher priority over all later admitted flows. This This subsection presents analytical support for determining
is achieved by always giving the newly admitted flow a lowef;(y) in (7) and f;(x) in (9).
priority than all existing flows. When a flow is detected non- Note that in the proposed DPS MBAC algorithm, if an
active for a certain time period, known as the time-out periothcoming flow is admitted, it will be placed at the lowest
it is considered having left the system and its correspondipgiority level as compared to all existing flows. As a result,
buffer is released together with its priority. A common buffethe incoming flow will see an integrated effect from these
pool is maintained in the MBAC algorithm. When an incomingxisting flows. Particularly, we can view the existing flows as
flow is admitted, a certain size of buffer is allocated to the flovan aggregate and equivalently consider a priority server with
The allocated buffer size is determined based on the analylsi® inputs: the aggregate and the incoming flow.
presented later. For the aggregate, owing to the central limit theorem,

As can be seen from the above description, although tiahen the number of flows in the system becomes large, the
relative priority of a flow with respect to other flows isaggregate of these flows tends toward Gaussian. In addition,
nearly fixed, its exact priority level is dynamic over timethe amount of trafficA(t) generated by these flows also
In particular, the leave of an existing flow increases by ortends to a Gaussian process when tiniecreases. The mean
priority level all existing flows admitted after it. and variance of this Gaussian process can be estimated from
measurements [11]. Let and 6(t) respectively be the mean
and variance of the Gaussian procetg). Then, available

When the first packet of a new flow is detected, implying afesults in the literature [8] [16] [1][21] suggest the following
incoming flow requesting for admission, the admission contrgbproximation forQ(,g;T), the queue length at time of a
algorithm admits the flow only when the following criteria areyirtual single server queue system with server rate 7 fed

. Analysis

B. Admission Control Algorithm

met: with the same trafficA(t):
rn+7 < aC (6) R (x+ (c—7)s)?
. ~ i T ) @
fuld) < o P> e (-infa ) a0
bnt+b < M (8) Simulation results under various cases indicate that the

where C' denotes the link capacityy(< 1) the maximum &Pproximation (10) may in fact be a general upper bound for
allowed utilization level ofC, M the total buffer sizer, (= F{Q(#¢) > =} [1], and under some general conditions, it has
a,C) the (implicit upper) rate of the incoming flowed been proved in [8] that (10) is an asymptot_lc upper bound for
the delay requirement, antl, the buffer size that will be P{Q(t;¢) > x}. Based on these, we re-write (10) as
allocated to the flow if it is admitted. In additior, denotes P{Q(t~ ¢) > 2}
the mean traffic rate of all existing flows in the system, which ’ 9
is measured, andl the total buffer size allocated to flows in < f(x) = exp <_(x+(c—_*7“)5)> (11)
the system. 20

In (6) to (8), (6) represents the admission criterion fo\gvhere » = o(s") and s* is chosen such thatzte=1)s)”
rate or throughput. (7) represents the criterion for dela¥: h 't_ N at* H for th 2®§s>t p
the probability that the delayD, to be experienced by the eaches 1S minimum - nence, for the aggregale traffic

incoming flow is greater than required deldy is less that A(t) of existing flows in the MBAC system, we haw(t) ~

. In (7), the delay functiony,(y), which satisfiesP{D,, > (f, c), which holds for any > #. For ease of explanation and

y} < fa(y), will be given in the next subsection. For (8),Iater analysis, we let = 7 + (1 — u)C’ and consequently,
b, is the minimum buffer size with which the required loss A(t) ~ (f, 7+ (1 - w)C). (12)
probability is met. Specifically,
. . Here,u can be interpreted as a utilization parameter that can be

bn = min{z : fi(z) < e}, ) chosen between the actual utilizatiésr=, which will result
where¢l, denotes the loss requirement of the incoming floWifom admitting the requesting flow, and the maximum allowed
The loss functionf;(z) in (9) will also be given later. utilization level .. In other words,

If no b,, satisfying (9) exists, the flow is rejected. In addition, P,

if either one of (6) to (8) cannot be satisfied, the flow is —0 Susa (13)



Now, we consider the service provided by the equivaleand (11). In addition, we have adopted the implicit traffic
two-level priority server to the flow at the low priority level. descriptor (1) for the incoming flow as used in [22], which

Specifically, we have the following result. implies 4,, ~ (0, «,,C). Applying these to (14) and (15), we
Proposition 3: Consider a constant rate priority server witlcan further get
two inputs. Suppose the total service rate’isand the input 22
at the high priority level hasi(t) ~ (f,7+ (1 — «)C). Then filx) = exp <_2A*> , (16)
the server provides to the flow at the low priority level a SSC Va o o
(8(0), 9(2)) with 5(t) = (uC ~ 7)t: g(x) = f (). ) = e (-UGEE) L a)
Proof: Let A,,(¢t) and A% (¢) respectively be the input and 20y,

output process of the flow at the low priority level(t) and ek . (2 t(c—7)s)?
A*(t) the aggregate input and output process of the systé(mere 0; = 0(s;) and s; |i.cf1*os_er) S*UCh tha* ~20(s)
respectively:A*(t) the output process of the flow at the higf©aCNes its minimum at = s7; o) = o(s;) ands; is chosen

priority level. Then, by definition, such thatw reaches its minimum a;.
. Remarks: (i) Wiule in Proposition 3 and Corollary 1, we
At) = An(t) J“‘}(’f) have considered only two priority levels, the result can be
A*(t) = AL(t)+ A*(1). easily extended to more levels. In such cases, it is easy to

service curveCt, which is, A*(t) > A(t) ® Ct.

Consider any) < sy < ¢t whenA(t)®Ct reaches minimum,
or A(ﬁ) RCt = A(ﬁ - 50) + Csg. Then, A* (ﬁ) > A(ﬁ - 50) +
Csp. Letting 5(t) = (aC — 7)t, we have,

the proposition proved. In addition, for any flow at a certain
priority level, we can viewA(t) and A*(t) respectively as the
aggregate input and output of all flows having higher priority
than this flow and consequently prove that the server provides

A, ® B(t) — A% (t) to the flow a stochastic service curve as in Proposition 3.
_ ce{ A (E—8) + At (il) Note that Proposition 3 and Corollary 1 are general in
Zlfog <t{4n(t =) f*(s)} n() the sense that they hold as long as the two input flows are
< An(t—s0) + B(so) — AL(1) gSBB. Since gSBB is built upon queue length distribution,
aCsg —7sg — [A,(t) — An(t — s0)] then based on the internal monotonicity property of queue
= aCsy—Pso — [A*(t) — A(t — so) — (A*(t) — A(t — s0))(€.9. see [24]), virtually all stationary input processes can
< A(t) — At — s0) — [ + (1 — @)C]so have a steady-state queue Ier}gth whose tail distribution can
A " . be used as the bounding function for gSBB. Hence, although
< sups<i{A(t) — A(t —s) — [F + (1 — )C]s}

Gaussian approximation has been used in this paper for its

Here, in the 2nd last step, the fadt(t) < A(t) has been POpularity and reasonably good performance as investigated by
used, which tells that the output up to timecannot exceed Other researchers (e.g. see [8] [17]), the gSBB model allows to
the input up to timet for the flow at the high priority level. Use other approximations for existing aggregate traffic instead.

By assumptionA(t) ~ (f,# + (1 — &)C) from which and In other words, other approximations for existing traffic and
the definition of gSBB, we get other descriptors for the incoming flow can also be used with

. . _ Proposition 3 and Corollary 1. Under these cases, by applying
p {supsgt{A(t) — At —s) =[P+ (1 —a)C]s} > x} < f(x).the corresponding’ and f,, to Proposition 3 and Corollary 1,
. the requiredf,(y) and f;(x) can be derived and applied to (7)
Finally, we getP {A, ® 3(t) — A;,(t) > 2} < f(x), with and (9) for making admission decision.

which and SSC definition, the proposition follows. B (jii) Also note that,u can be selected betweeir= and
With Proposmo_n 3 and applying its result to Propositiong,, Roughly, givenf(x) by (11), a smalleru results in a
1 and 2, we obtain: tighter f;(z) and a tighterf,(y). Because of this, by selecting

Corollary 1: Under the same condition as Proposition 3, if; properly, higher utilization may be achieved based on the

the input flow at the low priority level hasl,,(t) ~ (fn,7n), analysis, as to be shown in Section V-B.
then its backlogB,, (t) and delayD,,(t) in the system satisfies

P(B,(t) >x) < fi(z)

V. NUMERICAL RESULTS AND DISCUSSION
A. Simulation Results

P(Dn(t) >y) < fa(y) Simulations have been conducted using ns-2 to verify that

where under DPS, the service received by an existing flow is not
R adversely affected by flows admitted after it. The simulation

file) = fu® f(2), (14) settings are similar to those in [6]. In these simulations, there is

fay) = fo® f((uC—7)y). (15) only one traffic class and the considered link has total capacity

In this paper, we have assumed that the aggregate trafficodfl0 M bps shared by flows in the system. All packets ags
existing flows in the system is approximated using Gaussi@ytes long. Homogeneous exponential on-off sources are used,



which have exponentially distributed on and off times. The For Flow 300, Fig. 2 shows that noticeable loss (abidj)
average on/off time i825ms. The transmission rate duringhas been experienced during 1500s to 2000s. This is because,
on period is64kbps, making the mean rate of each flomduring this period, Flow 1 to Flow 299 are in the system
32kbps. Here, the choice of such source characteristics is alanod consequently give the residual capadity- Zfﬁ‘? T R
motivated by reasons of analytical tractability, since in thé00kbps to Flow 300. Based on Proposition 3 and Corollary 1,
next subsection, an investigation on achievable utilization ike average loss of Flow 300 can be much higher than that of
conducted based on analysis. Simulations were run for 608w 1 or Flow 151. In particular, letting = L%l_' — 96%,
simulation seconds and data were collected after 1500s. we can get analytically from (16) that the loss probability for
Figs. 2 and 3 show simulation results when the dynamigow 1 during 1500s to 2000s is bounded b$.67%. When
priority scheduling is implemented. For these figures, eagimulation time proceeds, Fig. 2 shows the loss experienced
flow in the system is allocated a buffer with the sai® by Flow 300 became so small that no loss could be found
packets buffer size. Initially, before 1500s, 300 flows, nunkfter 2000 sec. This is because Flows 101 to 150 left the
bered Flow 1 to Flow 300, are generated, whose inter-stagistem at 2000s, which were initially given higher priorities
times are exponentially distributed with medd0ms. Among than Flow 151. Although some new flows were added to the
these flows, Flows 101 to 150 stopped at 2000s; Flows 1 é&gstem during the rest of simulation time, they were given
50 stopped at 3000s; Flows 201 to 250 stopped at 4000s.|bver priorities than Flow 151 based on the DPS algorithm. As
addition, some new flows were added to the system during thgesult, the worst case for Flow 151 after 2000s is that it sees
simulation period. Particularly, 50 new flows were added ig residual capacity’ — foi ri(~ 2Mbps). Consequently, a
each of the following period§2500s, 3000s], [3000s, 3500s] |oss less thart0—1° can be expected from (16).
and[4500s, 5000s]. The inter-start times of each these 50 new
flows have the same exponential distribution with a mean of .

400ms. od

6~ Flow 1
* Flow 151
— Flow 300

0.2 0.4 0.6 08 1 12 14 16 18 2
Queuing Delay (ms) «10°

oo 2500 3050 30 000 a0 5050 500 6000 Fig. 3. Delay distribution of Flow 300
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Fig. 2. Average loss of Flow 1, Flow 151 and Flow 300 . . .
g g Fig. 2 has shown that the loss behavior of an admitted flow

becomes better when some flows admitted earlier leave the

Fig. 2 illustrates the average loss probabilities respectivetystem and is not affected by newly admitted flows. To verify
experienced by Flow 1, Flow 151 and Flow 300 in eacthe same trend for delay, Fig. 3 is presented. This figure shows
previous 500 simulation seconds period starting from 200@se tail delay distribution experienced by Flow 300 during
until 6000s. Fig. 2 shows that no loss has been observed #&00s to 3000s, during 3000s to 4500s, and during 4500s to
Flow 1 and Flow 151 during the simulation. This is becaus€000s. It can be observed from the figure that during 1500s to
for Flow 1, it is at the highest priority level and not affected by3000s, more thafi0% of the packets have to wait in queue for
other flows. Consequently, Flow 1 always sees a link with iome time before being transmitted. However, during 3000s
full capacity available to serve its packets. For Flow 151, the 4500s, a Flow 300 packet almost needs not wait: upon
worst case is that Flow 1 to Flow 150 are in the system armdrival, it is immediately served. This is because some flows,
Flow 151 gets service only when there is no packet from Flowhich are Flow 1 to 50 and Flow 101 to 150 initially at higher
1 to Flow 150 in the system. Roughly speaking, Flow 151 seesiorities than Flow 300, stopped before 3000s, giving more
a system with capacity’ — Z,}iol r; where(C' is the total link residual capacity to serve Flow 300 as explained above for
capacity and-; is the average rate of flow Under the chosen loss. Although some new flows were added to the system
simulation settings, bot’ and C' — Y120 r;(~ 5Mbps) are before 4500s or during 4500s to 6000s, making the total
much larger than the average rate of an individual flow, withtilization the same after 5000s as before 2000s, Fig. 3 shows
which and the analysis in the previous section, the expectdtht they do not affect the delay performance of Flow 300
loss for Flow 1 or Flow 151 was so small that it was notluring 4500s to 6000s. Indeed, during 4500s to 6000s, a
observed during the simulated 6000 seconds. gueueing delay 06 was always found for Flow 300.



B. Achievable Utilization ‘ i eed

This subsection investigates the achievable utilization by the A
proposed DPS MBAC. For ease of exposition, we again as-
sume sources are homogeneous and each source is exponential .
on-off [2]. In addition, the buffer size is also set to &0
Kb. The choice of exponential on-off source is motivated by
analytical tractability and comparability. For such a souice

the mean and variance of the arrival proces$t) are
)\ihi 0.2
mit = t oo
‘ Ai + B; S T R,
2)\ ﬁ h2 1 [ SR DPS-based aggregation (2)
. (9. Q% 0 . . ,
U:L' (l‘,) = i l‘, (1 — 6_()\7'+B7')t) 1 o Capacity (Mbps) 1 o

N+B63 L N+B

where3; ! denotes the mean length of the on periag,' the
mean length of the off period an; the sending rate during

Fig. 4. Achievable utilization

the on period. Then, for the Gaussian approximation, its mean o’
and variance are respectivety = Nm;t and6(t) = Nuv;(t),
where N is the number of flows in the system. o

In Fig. 4, the maximum utilization against link capacity for
the DPS-based algorithm is plotted. In addition, for compari- ]
son, we have also plotted the maximum utilization curve based
on the analysis of bufferless multiplexing, which has been used
in [22] to support flow-aware networking and per-flow MBAC.
For this figure, the following service requirements, as adopted
in [5][22], have been used. For the DPS-based aggregation
algorithm, the objective is d0~° or less probability of ex-

Loss bound
=
5,

ceeding the delay target 60ms. For bufferless multiplexing, ol : 3
10~ is the targeted rate overload probability. Also for Fig. 4, * T oy ey b
we have required that the maximum allowed utilization level

in (6) bea = 95%. For the DPS-based aggregation curve (1), Fig. 5. Loss bound

we have chosen = « for (16) and (17), while for the DPS-
based aggregation curve (2)js set to benin{95%, %+5%}.

Fig. 4 shows that with the DPS-based algorithm, excelleby allocating more buffer size. In this case, a buffer size of
(above 90%) system utilization can be achieved when the@00Kb or more can ensure thad—% loss is achieved for the
capacity is higher than00Mbps. Even when the capacity is capacity range in Figs. 4 and 5.
low, the achievable utilization can still be reasonably good (e.g. ) .

70% when the capacity i$0M bps). In addition, Fig. 4 shows - Discussion

that, as discussed earlier, the selectiom dfas great effect on  The simulation results verify that once a flow is admitted,

the achievable utilization. Particularly, in this case, wi&n with DPS, the service guarantees provided to this flow will

is smaller thanl00M bps, choosingu = min{95%, é +5%} not be adversely affected by other flows admitted after it.

can achieve much higher utilization than choosing- 95%.  This implies that the admission decision needs not re-check

Note that bufferless multiplexing approach cannot be use¢hether the SSGs of an existing flow will be violated after
to estimate delay guarantee [5]. For the bufferless multiplea-new flow is admitted. Note that such re-checking usually
ing curve shown in Fig. 4, the corresponding objective igvolves additional analysis and/or requirements/constraints
to achieve10~° (or less) rate overload probability used toon flows. For example, when FIFO is used in aggregate
approximate the loss. If both loss and delay are consider®tBAC algorithms, when a new flow requires more stringent
for admission control, the bufferless multiplexing curve magervice guarantees than existing flows, such re-checking and
be considered as a lower bound on the achievable utilizatigrossible resource re-allocation are critical to ensure the service

For the loss performance of the DPS-based algorithm, Figquirements of all flows will be met.

5 is presented, which shows the loss curve determined fromAnother example is that fair queueing (FQ) may be used
(16). In this figure, the two choices af as for Fig. 4 are also to aggregate flows and perform per-flow MBAC [22]. If loss
considered. Based on the analysis, by combining both, we camd/or delay guarantees are required in addition to throughput
see from the figure that under most capacity settirigs,® guarantee, the FQ-based MBAC may also need to re-check
(or less) loss probability is provided when buffer size is seadvery existing flow if its loss and/or delay guarantees will be
to 160Kb. As expected from (16), lower loss can be achievedolated and if so, how much additional resource (e.g. buffer)
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