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A Hierarchical Fair Service Curve Algorithm for
Link-Sharing, Real-Time, and Priority Services

lon Stoica, Hui ZhangMember, IEEEand T. S. Eugene Ng

Abstract—in this paper, we study hierarchical resource man- In hierarchical link-sharing, there is a class hierarchy associ-
agement models and algorithms that support both link-sharing - ated with each link that specifies the resource allocation policy
and guaranteed real-time services with priority (decoupled delay o the |ink. A class represents a traffic stream or some aggregate

and bandwidth allocation). We extend the service curve based ) . S .
quality of service (QoS) model, which defines both delay and of traffic streams that are grouped according to administrative

bandwidth requirements of a class in a hierarchy, to include affiliation, protocol, traffic type, or other criteria. Fig. 1 shows
fairness, which is important for the integration of real-time and an example class hierarchy for a 45 Mbytes/s link that is shared
hierarchical link-sharing services. The resultingfair service curve py two organizations, Carnegie Mellon University (CMU) and
(FSC) link-sharing model formalizes the goals of link-sharing, \yniyersity of Pittsburgh (U. Pitt). Below each of the two organ-
real-time and priority services and exposes the fundamental trade- ._ . .

offs between these goals. In particular, with decoupled delay and 1zation class_,es, ther(_a are cl_ass_es grouped base_d on trafﬂg type_s.
bandwidth allocation, it is impossible to simultaneously provide Each class is associated with its resource requirements, in this
guaranteed real-time service and achieve perfect link-sharing. case, a bandwidth, which is the minimum amount of service that
We propose a novel scheduling algorithm called hierarchical fair the traffic of the class should receive when there is enough de-
service curve (H-FSC) that approximates the model closely and mand.

efficiently. The algorithm always guarantees the service curves Th i tant Is that the hi hical
of leaf classes, thus ensures real-time and priority services, while ere are several important goals tha € hierarchica

trying to minimize the discrepancy between the actual services link-sharing service is aimed to achieve. First, each class
provided to and the services defined by the FSC link-sharing should receive a certain minimum amount of resource if there is
model for 'ghe interior classes. We‘have implemen.ted thg H-FSC enough demand. In the example, CMU's traffic should receive
scheduler in NetBSD. By performing analyzes, simulations and 4 |east 25 Mbytes/s of bandwidth during a period when the
measurement experiments, we evaluate the link-sharing and 8 . . o
real-time performances of H-FSC, and determine the computation _aggrega_te traffic from CMU has a higher arrlvgl rate. Slmlla_rly_,
overhead. if there is resource contention between traffic classes within
CMU, the video traffic should get at least 10 Mbytes/s. In the
case where there are only audio and video streams from CMU,
the audio and video traffic should receive all the bandwidth
that is allocated to CMU (25 Mbytes/s) if the demand is high
. INTRODUCTION enough. That is, if a certain traffic class from CMU does not

MERGING integrated services networks will support aphave e_nough traffic tq fully utilize its minimum guaranteed
E plications with diverse performance objectives and traffieandwidth, other traffic classes from CMU have precedence
characteristics. While most of the previous research on int6-use thisexcessbandwidth over traffic classes from U. Pitt.
grated services networks has focused on guaranteeing quality\gtile the above policy specifies that the CMU audio and video
service (QoS), especially the real-time requirement, for each fraffic classes have priority to use any excess bandwidth unused
dividual session, several recent works [3], [8], [15] have argu@d the data traffic, there is still the issue of how the excess

that it is also important to support hierarchical link-sharing sepandwidth is distributed between the audio and video traffic
vice. classes. The second goal of hierarchical link-sharing service is

then to have a proper policy to distribute the excess bandwidth
unused by a class to its sibling classes.
In addition to the two goals mentioned above, itis also impor-
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performance goals. Second, the model serves as an ideal target

45 Mbps that a scheduling algorithm should approximate as closely as
possible.
Link With the ideal service model defined and the fundamental

tradeoffs exposed, we propose an algorithm called hierarchical
fair service curve (H-FSC) that achieves the following three
goals:

 guarantee the service curves of all leaf classes;

* try to minimize the short-term discrepancy between the
amount of services provided to an interior class and the
amount specified by the FSC link-sharing model,

« allocate the excess bandwidth to sibling classes with
bounded fairness.

We have made the architecture level decision that whenever
there is a conflict between performance goals, the performance
guarantees of the leaf classes take precedence. We believe this
is the right tradeoff as the performance of leaf classes is directly
related to the performance of individual applications. In partic-
ular, since a session is always a leaf class, guaranteed real-time
for both classes. Decoupling the delay and bandwidth allocgervices can be provided on a per session basis in this frame-
tion is also desirable for interior or leaf classes that correspopgrk.
to traffic aggregates. For example, one may want to provide aThe rest of the paper is organized as follows. We give back-
lower average delay for packets in CMU’s audio traffic clasground information on service curve based QoS in Section II.
than those in CMU’s data traffic class. Section Ill presents the FSC link-sharing model and discusses
A number of algorithms have been proposed to support hi¢ke fundamental tradeoffs in approximating this model. Sec-
archical link-sharing, real-time, and priority services. Howevefion |V presents our solution, the H-FSC scheduler, followed
as discussed in Section VI, they all suffer from important |Im|by a discussion on its imp|ementation Comp|exity in Section V.
tations. The fundamental prObIem is that with all three SerViCQNe ana|yze the de|ay and fairness properties of H-FSC in Sec-
multiple requirements need to be satisfied simultaneously. §8n VI, and evaluate its performance based on both simulation
some cases this is impOSSible to achieve due to Conflicting Ehd measurement experiments in Section VIl. We discuss re-

quirements. This problem is exacerbated by the fact that thergged work in Section VIl and conclude the paper in Section IX.
no formal definition of a hierarchical link-sharing service that

specifies all these requirements.

In this paper, we consider an ideal model, called fair service
curve (FSC) link-sharing, that precisely defines all the important As discussed in Section |, we use the service curve abstraction
performance goals of real-time, hierarchical link-sharing, asfdoposed by Cruz [5], [6] as the building block to define the
priority services. The basic building block of the framework ilealized link-sharing model.
the concept of service curve, which defines a general QoS modef\ session is said to be guaranteed a service cusyé ),
taking into account both bandwidth and priority (delay) requiravheres;(-) is a nondecreasing function, if for any timewhen
ments. In this architecture, each class in the hierarchy is asggssion is backlogged, there exists a tirhe< ¢, which is the
ciated with a service curve. The idgeBC link-sharingnodel beginning of one of sessiars backlogged periods (not neces-
requires that a) the service curves of all classes in the hierar@#yily includingt,), such that the following holds:
are simultaneously guaranteed, and b) the excess bandwidth un-
used by a class is distributed to its sibling classes fairly. Since Si(ta — t1) < w;(ty, t2), Q)
the service curves of all classes are guaranteed simultaneously,
the QoS of individual sessions (leaf classes in the hierarchwherew;(¢1, t2) is the amount of service received by session
and traffic aggregates (interior and possibly leaf classes in ttiering the time intervalt;, ¢2]. For packet systems, we restrict
hierarchy) are satisfied. In addition, delay and bandwidth allé; to be packet departure times. A service cu$y&) is said to
cation can be decoupled by choosing service curves of differdargtconvexf for any two timest; , andt., and for anyx € (0, 1)
shapes. Therefore, the FSC link-sharing model gives a precige haveS;(at; + (1 — a)t2) < aSi(t1) + (1 — a)S;(t2).
definition of a service that satisfies all the important goals @imilarly, a service curve is said to bencavef S;(«t; + (1 —
link-sharing, real-time, and priority services. a)ta) > aS;(t1) + (1 — a)S;(t2).

Unfortunately, as we will show in the paper, the ideal model In the case in which theerver'sservice curve is not con-
cannot be realized at all time instances. In spite of this, tleave, one algorithm that supports service curve guarantees is
model serves two important purposes. First, unlike previogsrvice curve earliest deadline first (SCED) [14]. With SCED, a
models, the new model explicitly defines the situations wheteadline is computed for each packet using a per session dead-
all performance goals cannot be simultaneously satisfidohe curveD; and packets are transmitted in increasing order of
thus exposing the fundamental tradeoffs among conflictingeir deadlines. The deadline curi® is computed such that

Fig. 1. Example of link-sharing hierarchy.

Il. BACKGROUND: SERVICE CURVE BASED Q0S
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in an idealized fluid system, sessids service curve is guar- if S(¢) is not concavé,the SCED algorithm can guarantee all
anteed if by any time when session is backlogged, at least the service curvesy;, if and only if 3. S, () < S(¢) holds for
D, (t) amount of service is provided to sessioBased on (1), anyt > 0. That is, the sum of the service curves over all ses-
it follows that sions should be no more than the server’s service curve, and the
server service curve should be either linear or convex.
Dz(t) = , Irgnt (Sz(t — tl) + wi(tl)) (2)
1EB) lll. FAIR SERVICE CURVE LINK-SHARING MODEL
where B;(t) is the set of all time instances, no larger than  |n Section 11, we motivated the advantage of using nonlinear
when session becomes backlogged, ang(¢1) = w;(0, t1) service curve to decouple delay and bandwidth allocation.
is the total amount of service sessidas received by time Based on service curve QoS, we now define the ideal FSC
t1. This gives the following iterative algorithm to comput®.  |ink-sharing model. We will discuss precisely what “fair”
When sessiori becomes backlogged for the first timb; is  means in this model in Section 11I-B. In Section IlI-C, the
initialized to i’s service curveS;(-). Subsequently, wheneverreaders will discover that it is actually impossible to achieve this
session becomes backlogged again at timfe(the beginning model perfectly. Nevertheless, we will argue why such a model
of session’s £th backlogged period) after an idling peridd; s valuable in guiding the design of scheduling algorithms.
is updated according to the following:

A. The Model
Di (ak

7

— i (B (t— gk ok
) = min (D™ 1), 8i(t = o) +wi(ar)) As discussed in the beginning of the paper, the important

t>af. ®3) goals of hierarchical link-sharing are: to provide guaranteed
QoS for each class, to allow priority (decoupled delay and band-

The reason for whicld); is defined only fort > a;' is that this gt allocation) among classes, and to properly distribute ex-
is the only portion that is used for subsequent deadline COMPiks pandwidth.

tations. SinceD; may not be an injection, its inverse function
may not be uniquely defined. Here, we defiBg* (a¥; y) to be
the smallest valug such thatD;(a?; =) = y. Based orD;, the
deadline for a packet of lengthat the head of sessiats queue
is computed as follows

Since the service curve abstraction provides a general defi-
nition of QoS with decoupled delay and bandwidth allocation,
it is natural to use service curves to define the performance
goals of link-sharing, real-time and priority services. Inthe FSC
link-sharing model there is a service curve associated et
class in the link-sharing hierarchy. The goal is then to: 1) satisfy
the service curves of all classes simultaneously and 2) distribute

thT excess service fairly as defined in Section IlI-B. Note that

F The gua:aniﬁes Spec'f!{ed by ser_\(/jlcg gurv_ets alre lqu:ie g(ejne:[ 5 a general requirement that subsumes both link-sharing and
or example, the guarantees provided Dy virtual clock and Vg, ime performance goals. A real-time session is just a leaf

lous fair queueing algorlthms can be spem_ﬂed by Im_ear SEMVIERissinthe hierarchy, and its performance will be automatically
curves with zero offsets Since a linear service curve is charac- léaranteed if the FSC link-sharing model is realized

terized by only one parameter, the slope or the guaranteed ba%
width for the session, the delay requirement cannot be specif'@_d Service Curve and Fairness
separately. As a consequence, even though delay bounds can be
provided by algorithms guaranteeing linear service curves, therdVhile fairness properties have been extensively studied for
is a coupling between the guaranteed delay bound and bapepeduling algorithms that only use sessions’ rates as parame-
width, which results in inflexible resource allocation. With nont€rs, and there are several formal definitions of fairness, such as
linear service curves, both delay and bandwidth allocation 4R relative faimess given by Golestani [10] and the worst-case
taken into account in amtegratedfashion, yet the allocation fairness given by Bennett and Zhang [2], it is unclear what fair-
policies for these two resources are decoupled. This increaB88S means and why it is important in the context of scheduling
the resource management flexibility and the resource utilizati@tgorithms that decouple the delay and bandwidth allocation. In
inside the network. this section, we discuss the semantics of fairness properties and
While in theory any nondecreasing function can be used a8@ue that fairness is important even for scheduling algorithms
service curve, in practice only linear or piecewise linear fungdat provide performance guarantees by decoupling the delay
tions are used for simplicity. In general, a concave service cur@@d bandwidth allocation. We then give a simple example to il-
results in a lower average and worst case delay for a Sesg;dﬁ[rate.that SCED is an unfair algorithm, but can be extended
than a linear or convex service curve with the same guarantd@de fair.
asymptotic rate. However, it is impossible to have concave ser-There are two aspects of the fairness property that are of in-
vice curves for all sessions and still reach high average utiliZgrest: 1) the policy of distributing excess service to each of the
tion. This is easy to understand as priority is relative and it is im-25 senver is said to guarantee a service cusige), if for any ¢ while the

possible to give all sessions high priority (low delay). Formallyerver is backloggedy(ts) = min,, (w(t1) + S(t2 — 1)), wherew(t) is
the amount of work performed by the server by timendt, (t. < t2)is
1in theory, fair queueing and its corresponding fluid algorithm GPS can sughe starting time of a backlogged period not necessarily includingf S(-)
port more general service curves than linear curves [1], [21]. However, in prasnot concave, it can be shown that for aaywhile the server is backlogged,
tice, such a resource assignment has a number of limitations. See Section Mlit>) = w(t,) + S(t> — t,), wheret, is the starting time of the backlogged
for a detailed discussion. period includingts.

d; = Dy ' (al; wi(®) + 1) . 4)
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currently active sessions and 2) whether and to what extent a .
session receiving excess service in a previous time period will
be penalized later. 7

For rate-proportional scheduling algorithms, a perfectly fair S e R W,
algorithm distributes the excess service to all backlogged ses- J/
sions proportional to their minimum guaranteed rates. In addi- |/
tion, it does not punish a session for receiving excess service in T t to do t
a previous time period. Generalized processor sharing (GPS) is (a) (b)
such an idealized fair algorithm.

service
~
service

~

For scheduling algorithms based on general service curves, e5 L
fair algorithm should distribute the excess service according to
a well defined policy, and not penalize a session that uses ex-
cess service. Though these two aspects of the fairness propert
are usually considered together in a formal fairness definition, |
they are actually orthogonal issues. In this paper, we simply dis- ¢, t;_
tribute the excess service according to the service curves. It is

the second aspect of the fairness property, i.e., a session that re-

ceives excess service in a previous time period should not be

penalized, that we would like to emphasize in this paper. Fig. 2. Example illustrating the “punishment” of a session under SCED: (a)
the sessions’ service curves, (b) session 1 is the only active session during

There are two reasons why it is important to have such a fair +,], (c) session 1 does not receive any service dutingt: ], after session
scheduler. First, the main motivation of link-sharing service fsbecomes active ab, and (d) a modified version of SCED that tries not to
. - . o enalize session 1 at all, but violates session 2's service curve.
thedynamicsharing of resources among applications within o
ancestor class. Such dynamic resource sharing is only mean-
ingful if some applications in the class aadaptive—that is, and
during certain periods, they are able to send more than their min- S(t) = {/Jt, ift<T
imum guaranteed bandwidth. We believe that taking advantage 2 at, ift>1T.
of the excess service in the context of hierarchical sharing is
a part of the link-sharing service, and the applications should
not be punished. Furthermore, even in a network that suppdﬁgddition, let the server rate be one, and assume the followings
guarantees, it is still desirable to let applications to statisticafiP!d: & < /3, 1.e.,51(-) is convex andb,(-) is concaveq + 3 <
share the fraction of resources that are either not reserved and/dre- both service curves can be guaranteed by using SCED;
not currently being used. We believe, when coupled with tnd2s > 1 i.e., itis not possible to guarantee the peak rates of
right pricing model, a fair scheduler leads to higher applicatid¥Pth sessions simultaneously.
performance and lower call blocking rate as it encourages flex-For simplicity, assume that the packets are of unit length, and
ible applications to reserve less resources. For example, a vidgoe a session becomes active it remains continuously back-
application may choose to make reservation only for its mitegged. Consider the scenario in which session 1 becomes active
imal transmission quality and use the excess service to increastime 0 and session 2 becomes active at tign&ince session
its quality. In a system which penalizes a session for using ek-is the only session active during the time inter{@l ¢o], it
cess service, such an adaptive application runs the risk of neteives all the service provided by the server, kg(t) = ¢,
receiving its minimum bandwidth if it uses excess service. Asr any0 < t < to [see Fig. 2(b)]. Also, the deadline of the
a result the application may simply choose to reserve more fast packet of session 1 that has been transmitted byttrize
sources, rather thaawaystransmitting at its minimal quality. S;*(wi(to)) = ST (o).
Second, fairness is also important when we want to construciNext, consider time, when the second session becomes ac-
a hierarchical scheduler to support hierarchical link-sharing. {iye [see Fig. 2(c)]. Since the deadline of thiga packet of ses-
[3], it has been shown that the accuracy of link-sharing providegbn 2 isS; ! (k) + to and packets are served in the increasing
by hierarchical packet fair queueing (H-PFQ) is closely tied terder of their deadlines, it follows that as long®s' (k) +to <
the fairness property of PFQ server nodes used to construct #1€ (¢,), only the packets of session 2 are transmitted. Thus,
H-PFQ scheduler. session 1 doesot receive any service during the time interval
While the SCED algorithm can guarantee all the servidéo, t1], wheret, is the smallest time such th&f * (w,(t1)) +
curves simultaneously as long as the server’s service curvéds> S7 (ko).
not concave, it does not have the fairness property. ConsideAs shown in Fig. 2(c), for any time, w, (¢t) > S1(¢) and
the example shown in Fig. 2(a). Session 1 and 2 have two-piegg(t) > S»(t — tp) hold, i.e., the SCED algorithm guarantees
linear service curves; (-) andsS(-), respectively, where the service curves of both sessions. However, SCED punishes
session 1 for receiving excess service dufiigto] by keeping
it from receiving service during, ¢;]. This behavior makes it
Sy (t) = {at, ift<T ) difficult to use SCED in a hierarchical scheduler. To see why,

service

S1 S

w2

,,,,, o Syt-ty

(6)

pt, ift>T consider a simple two-level hierarchy where the bandwidth is
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shared by two classes, characterized by the service c6ryes
andSs(-), respectively. Then, if one of class 1's child classes be-
comes active at some point betwegmandty, it will not receive
any service beforg , no matter how “important” this session is!

It is interesting to note that in a system where all the service
curves are straight lines passing through the origin, SCED re-
duces to the well-known virtual clock discipline. While virtual
clock is unfair [1], [19], there exists algorithms, such as the var-
ious PFQ algorithms, that not only provide the same service
curve guarantees as virtual clock but also achieve fairness. In
PFQ algorithms, each session is associated with a virtual time
function that represents the normalized amount of service that
has been received by the session. A PFQ algorithm then achieves
fairness by minimizing the differences among the virtual times
of all sessions. Since virtual clock is a special case of SCED,
it is natural to use the same transformation for achieving fair-
ness in SCED with general service curves. This is achieved by
associating with each session a generalized virtual time func-
tion, and servicing the session that has the smallest virtual time.
While we will describe the detailed algorithm in Section IV, we
use the example in Fig. 2(d) to illustrate the concept. The main
modification to SCED would be to us&:(t — dy) instead of
Sa(t — to) in computing the packets’ deadlines for session 2,
whered, = Sfl(to). It can be easily verified that §, (¢) = rt
andS»(t) = rot, wherer; andr, are the rates assigned to ses-
sions 1 and 2, respectively, the above algorithm behaves identi-
cally to weighted fair queueing (WFQ) [1], [7]. Fig. 2(d) shows (b)
the allocatlon_ of the Serv_lce time when Fhls d_|s<:|p||ne IS usegi' . 3. Example illustrating why it is not impossible to guarantee the service
Note that, unlike the previous case, session 1 is no longer pema%ves of all the classes in the hierarchy: (a) the hierarchy and the service curves
ized when session 2 becomes active. of each class and (b) the service by each session when sessions 2-4 become

In summary, fairness can be incorporated into service cuRdVe at time 0; session 1 becomes active at fime
based schedulers such that the excess service is distributed ac-
cording to the service curves of active sessions and a sessothe sum of the service curves of all its children. Also, assume
using excess service will not be penalized later. Unfortunate$ll sessions are continuously backlogged from time 0, except
in Section IV, we will see that perfect fairness and service curgession 1, which is idle during@, #,] and becomes backlogged

guarantee cannot be achieved simultaneously. attimet,. During (0, o], since session 1 is not active, its entire
service is distributed to session 2 according to the link-sharing
C. Impossibility of Achieving the Model semantics. At time,, session 1 becomes active. In order to sat-

isfy session 1's service curve, at leds{ A) service needs to be

Recall that the two goals of the FSC link-sharing model atglocated for session 1 for any future time intergfal, to + A].
to satisfy the service curves of all classes simultaneously, argwever, as shown in Fig. 3(b), since the sum of all the service
distribute the excess service fairly among all classes. Unforigurves that need to be satisfied duriftg, o + A] is greater
nately, as we will show in this section, with nonlinear servicghan the server’s service curve, it is impossible to satisfy all the
curves, these goals cannot be achieved simultaneously. Me&@vice curves simultaneously during this interval.
precisely, there are time periods when a) it is not possible to si-Since in the context of service-curve-based schedulers, de-
multaneously guarantee both the service curves and satisfy ¢b@pling delay and bandwidth allocation can be achieved only
fairness property; and/or b) it is not possible to guarantee thgspecifying a nonlinear service curve, this result translates into
service curves of all classes. a fundamental conflict between link-sharing and real-time ser-

To see why a) is true, consider the example in Fig. 2 again. Aige when the delay and bandwidth allocation is decoupled.
shownin Fig. 2(d), if fairness is to be provided, the service curve Therefore, there are time periods when the FSC link-sharing
of session 2 will be violated, i.ew2(t) < S2(t — to), for some model cannot be realized. In spite of this, the model serves two
t > to. This is because aftég both sessions receive service apurposes. First, unlike previous models, this model explicitly
a rate proportional to their slope, and since immediately aftgefines the situations when all performance goals cannot be
timet, their slopes are equal, each of them is served at a ratesphultaneously satisfied. This exposes the fundamental archi-
1/2, which is smaller thag, the service rate required to satisfytecture tradeoff decisions one has to make with respect to the
S2(+). relative importance among the conflicting performance goals.

To see why b) is true, consider the hierarchy in Fig. 3(a). F&econd, the model serves as an ideal target that a scheduling al-
simplicity, assume the service curve assigned to an interior clagsithm should approximate as closely as possible. We believe
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that a scheduler should guarantee the service curves tddahe
classes at all times while trying to minimize the discrepancy be-
tween the actual service allocated to each interior class and its
fair service according to the model.

IV. HIERARCHICAL FAIR SERVICE CURVE (H-FSC)

In Section lll, we have defined the ideal FSC link-sharing
model, and have shown that this ideal model cannot be perfectly
realized at all times due to conflicting real-time and link-sharing
requirements.

Despite this, itis still possible to closely approximate the ideal
model. The key observation is that, SCED can generally satisfy
the real-time requirements of the service curves with only a frac-
tion of the server’s entire service capacity. The remaining ser-
vice can be distributed among active classes arbitrarily without
affecting any real-time guarantees. Thus, a possible strategy in
approximating the ideal model is to use SCED to ensure the
real-time requirements, while distributing as much services ac-
cording to the link-sharing requirements as possible.

In this section, we propose a new scheduling algorithm called

IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 8, NO. 2, APRIL 2000

receive_packet(i, p) /* session i has received packet p x|

enqueue(queue;, p);

if (not active(i)) /* i was passive x/
update_ed(i, null, p); /* update E;, D;, compute e;, d; */
update_v(i, p); /* update V;, its ancestors; compute v; */
set_active(s); /* mark i active x/

get_packet() /* get next packet to send =/

if (not active(root)) return;
/* select by real-time criterion * |
t = ming, {j | leaf(j) A active(j) A (¢; < current.time)};
if (exists(z))
p =dequeue(queue;);
update_v(z, p); /* update virtual time x/
if (not empty (queue;))
update_ed(z, p, head(queue;));
else
set_passive(z); /* mark i passive x|
else /x select active session by link-sharing criterion x [
i = root;
while (not empty(ActiveChildren(s)))
i = miny; {j € ActiveChildren(i)};
p =dequeue(queue;);
update_v(z, p)
if (not empty(queue; ))
update_d(z, p, head(queue;)) /* update d; only x/
else
set_passive(i); /* mark i passive x/

R . . . _pack )
H-FSC that implements this approximation. send_packet(p)

Fig. 4. H-FSC algorithm. Theeceive packetfunction is executed every time
a packet arrives; thget_packetfunction is executed every time a packet departs

- : . to select th t packet to send.
The scheduling in H-FSC is based on two criteria: the S¢1ect e next packetfo sen

real-time criterionthat ensures the service curves of all leaf
classes are guaranteed, and thk-sharing criterion that times are associated only with leaf classes, virtual times are as-
aims to satisfy the service curves of interior classes and faidgciated with both interior and leaf classes. The virtual time of a
distribute the excess bandwidth. The real-time criterion is useldss represents the normalized amount of service that has been
to select the packet only if there is a potential danger that theceived by the class. In a perfectly fair system, the virtual times
service guarantees for leaf classes are violated. Otherwisgall active sibling classes at each level in the hierarchy should
the link-sharing criterion is used. In addition to guaranteeirge identical. The objective of the link-sharing criterion is then
the service curves of all leaf classes, the other goal of H-FS&minimize the discrepancies between virtual times of sibling
is to minimize the discrepancy between the actual servicelasses. The pseudocode of H-FSCis givenin Fig. 4. Aleaf class
received by interior classes and those defined by the idéakaid to beactiveif it has at least one packet enqueued. An in-
FSC link-sharing model. To achieve this goal, H-FSC triggrior class isactiveif at least one of the leaf classes among its
to distribute services by the link-sharing criterion as much a®scendents is active. Otherwise a class is said pabgiveIn
possible. The tradeoffs involved between maximizing the seremputing the eligible time, the deadline, and the virtual time,
vices distributed by the link-sharing criterion and the algorithitine algorithm uses three curves, one for each parameter: the el-
complexity are discussed in Section I1V-B. igible curve E;, the deadline curvé),;, and the virtual curve

In H-FSC, each leaf classmaintains a triple{e;, d;, v;), Vi. The exact algorithms to update these curves are presented in
while each interior clasé maintains only the parametey. ¢; Sections IV-B and IV-C.
andd; represent theligible timeand thedeadlineassociated  There are several noteworthy points about this algorithm.
with the packet at the head of clas&squeue, and; is thevirtual  First, unlike H-PFQ [3], H-FSC needs to use the real-time
timeassociated with clagsThe deadlines are assigned such thatiterion, in addition to the link-sharing criterion, to support
if the deadlines of all packets of a session are met, its serviagk-sharing and real-time services. This is because H-FSC
curve is guaranteed. The packet at the head of sessigneue supports priority, i.e., decoupled delay and bandwidth alloca-
is said to be eligible it; < ¢, wheret is the current time. The tion, by guaranteeing nonlinear service curves. As we have
eligible times are then assigned such that when there are eligigf®wn in Section Ill, the link-sharing criterion alone is not
packets in the system, there is a potential that the deadline o$afficient to guarantee all service curves simultaneously in a
least one packet is violated if the link-sharing criterion insteadass hierarchy. Second, the algorithm uses three types of time
of the real-time criterion is used. Since the real-time goal is moparameters: deadline, eligible time, and virtual time. While
important, whenever there are eligible packets, the real-time @it three parameters are time values, they are measured with
terion is used to select among all eligible packets the one witkspect to different clocks. Deadlines and eligible times are
the smallest deadline. When there is no eligible packet, the algweasured in wall-clock time. In contrast, the virtual time of a
rithm applies the link-sharing criterion recursively, starting frorolass is measured with respect to the total amount of service re-
the root and stopping at a leaf class, selecting at each level tieéved by the class and so only the relative differences between
class with the smallest virtual time. While deadline and eligiblrtual times of sibling classes are important. Note that although

A. Overview of the Algorithm
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in H-FSC virtual times are computed based on the classes’ “P‘i‘t‘;‘tg-oetd;i’u?’v’e’(’i‘;;”t-l’)
service curves to ac_hieve fairness and higrarchica] quk—sharing, /% session i becomes active |
H-FSC can potentially use other policies to distribute the ¢t = current_time;

update_DC(i, ct); /* update curve D; (Eq. (7)) */

excess service. We choose to use the same curve for both update EC(i, ct); /+ update curve B (Eq. (11)) %/
the real-time and link-sharing policies for its simplicity. The if (p! = null)
same tradeoff was made by many of the previous fair queueing ¢ = ¢; + length(p);

/* update deadline (Eq. (4)) */
d; = D !(-;¢; + length(next.p));
e; = E; (s ¢;); /» update eligible time */

(a)

algorithms [2], [7], [10], [12], [13]. Finally, in addition to the
advantage of decoupling delay and bandwidth allocation by
supporting nonlinear service curves, H-FSC provides tighter

delay bounds than H-PFQ even for class hierarchies with only update_d(i, p, nezt_p)
linear service curves. The key observation is that in H-PFQ, ; = D1 (+;¢; — length(p) + length(next.p));
packet scheduling is solely based on the link-sharing criterion, )

which needs to go recursively from the root class to a leaf class
when selecting the next packet for transmission. The net effégt. 5. (a) The function which updates the deadline and the eligible curves, and

is that the delay bound provided to a leaf class increases m&wpyt_es the deadline a_nd the eligible time for each class (seSS|or_1). Note that
e eligible and the deadline curves are updated only when the session becomes

the depth of the leaf in the hierarchy [3]. In contrast, in H-FSGgtive. (b) The function which updates the deadline, when the session has been
the delay bound of a leaf class is determined by the real-tirsgved by the link-sharing criterion. This is because the new packet at the head

criterion, which considers only the leaf classes. Therefore, thidhe queue may have a different length.

delay bound is independent of the class hierarchy. . o .
scheduling criteria is used to choose the next packet for service.

B. Deadline and Eligible Time As we have shown, with nonlinear service curves, sometimes it

. . . is not possible to achieve perfect link-sharing and guarantee all
In this section, we present the algorithm to compute the " . ; L
service curves at the same time. The solution to this dilemma

deadline and the eligible time for each leaf class. These valuesto have the server allocate “enough” service to active leaf

are used to implement the real-time criterion. Only the eIigibfc asses by the real-time criterion, such that the service curves
packets are served by the real-time criterion; if no packet y X

eligible the service is allocated by the link-sharing criterio (I)? all leaf classes can be guaranteed at all times in the future.
Thge O,al in computing the eli ibli time is to magimize thgl‘he remaining service can then be distributed safely by the link-
g puting g haring criterion. However, whenever a packet is served using

service allocated by the link-sharing criterion without violatin§n real-time criterion despite another packet having a smaller
the real-time guarantees of the leaf classes. In this way we ¢aR P P 9

rctjual time, there is a departure from the ideal link-sharing.

e . . .V
minimize the discrepancy between the actual services recei S e . )
by sibling classes and those defined by the ideal model. T\ﬁ%erefore, to minimize the deviation from the ideal FSC link-

deadline of a packet specifies the time by which the packseharlngl moqlel, we want to serve by the real-time critedoly
enthereis a danger of violating the guarantees for leaf classes

should be transmitted. If the deadline of every packet of a floW
in the future.
To give more insight on the concept of eligibility, IB{¢) be

is met, then its service curve is satisfied.
For each leaf class the algorithm maintains two curves, on 2 . . :
¥ 9 ethe minimum amount of service that alttivesessions should
receive by timet, such that irrespective of the arrival traffic,

for each time parameter: the eligible curi®(a’; -) and the
deadline curveD;(a¥; -), wherea? represents the beginning . . : .

. . . = . “the aggregate service required by all sessions during any future
of the kth active (backlogged) period of clagsin addition, it ime interval(s. #1 cannotexceed x (£ — £). whereR is the
keeps a variable;, which is incremented by the packet IengtﬁI Interv (.’ | xceegt x (' — 1), w » .

server capacity. Note that this is a necessary condition: if the
agtive sessions do not receive at leA%t) service by timet,

each time a clasépacket is selected using theal-time crite-
rion. Thuse; represents the total amount of service that the cl % . i . .
en there exists a scenario in which the service curve of at least

has received when selected under the real-time criterion. I'io(r%e session will be violated in the future. Intuitively, the worst
SCED, the deadline curvB;(a¥; -) is initialized to its service : Y.

. . . .~ case scenario occurs what sessions are continuously active
curveS;(+), and is updated each time sessidrecomes active after imet. From here we have
at timea! according to '

Di(CL£€§ t) = min (Di (a:f—l; t) , S (t — af) + Ci(ak)) 7 E(t) = Z D;(a;; t)

%

ICA(t)
t>al. )
Here we use;(a¥) to denote the total servieeeceived by class + hax Z (Di(ai; t') — Di(ai; t))
i by the real-time criterion at time. Sincec; doesnotchange iCA()
when a session receives service via the link-sharing criterion, +
the deadlines of future packets are not affected (see Fig. 5). This + Z (Di(t; t)—ci(t)—R x (¥ —t) (8)
is the essence of the “nonpunishment” aspect of the fairness iEPt)

property. W
While deadlines are used to guarantee service curves of Ieaa‘
classes, eligible times are used to arbitrate which one of the two *

re
the last time, no larger than when session became
active;

3Note that (7) is the same as (3), except thas used instead ab; . A(t) set of active sessions at timg
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P(t) setof passive sessions at time < Z D;(a;; t)
[#]T max(z, 0). i€ A(t)
The above equation reads as follows. In the worst case, all active + |max Z (Di(a;; t') — Di(a;; b))
sessions continue to remain active up to tihend all passive v iCA(t)
sessions become immediately active at titvend remain ac- +
tive during the entire intervdl, #']. As a result, the maximum p ,
amount of service requireda(ovel the interyal '] by the ses- + Z Sit —t) = Rx (' —1)
sions that are already active at times ;. 4, (Di(as; ') — P
D;(a;; t)), while the maximum amount of service required by < Y Dilait)
the sessions that are passive up to tiroger the same interval i€A(t)
i > cp)(Di(t; t') — ci(t). Since all sessions together can re-
ceive at mosfR x (¢’ — t) of service during the intervdk, ¢'], + |max Z (Di(ai; t') — Di(ag; )
and since by time the active sessions should have received at v P€A(t)
least ;¢ 4y Di(ai; t) in order to satisfy their service curves, +
the above equation follows. , ,
Thus, E(t) represents the minimum amount of service that + Z St =) - ‘ Z St =)
should be allocated to the active sessions by tirasing the ieP) CADUP(E)
real-time criterion in order to guarantee the service curves of
all sessions in the future. The remaining (excess) service can = Z Di(ai; t) + Ig,lgf ( Z (Di(ai; ')
be allocated by the link-sharing criterion. Furthermore, it can icA(t) iCA()
be shown that the SCED algorithm is optimal in the sense that +
it can guarantee the service curves of all sessions by allocating — Di(a; t) — Si(t' —t))
exactly E(t) of service to the active sessions by time\ pos-
sible algorithm would then be simply to allocak&¢) of ser-
vice to active sessions by the real-time criterion, and redistribute < Z <D7¢(a71; )+ {I}lg (Di(a;; t')
the excess service according to the link-sharing criterion. The iCA(t)
major challenge in implementing such an algorithm is com- +
puting E(t) efficiently. Unfortunately, this is difficult for sev- — Dj(a;; t) — Si(t' — t))} ) . (10)
eral reasons. First, as shown in (&)(¢) depends not only on

the deadline curves of the active sessions, but also on the dq@d—a” define th ion's eliaibl tob
line curves of the passive ones. Since according to (7), the deadi Y. We define Ihe session's eligivle curve to be
line curve of a session depends on the time when the sessig‘rka‘. )
becomes active, this means that we need to keep track of afi* ™’ +
these possible changes, which in the Wo_rst case is proportional Diai; t) + [max(Di(ai; #)— Di(ai; t)—Si(t' — t))} ’
to the number of sessions. Second, evenif all deadline curves are >t
two-piece linear, the resulting cun/g(t) can ben piece-wise t>a; (11)
linear, which is difficult to maintain and implement efficiently.
Therefore, we choose to trade complexity for accuracy, by ovavhere againa; represents the time when sessiobecomes
estimatingE(¢). This significantly simplifies the algorithm of active. The eligible curve;(a;; t) determines the maximum
computing the eligible curve, at the expense of increasing tamount of service received by sessiorat time ¢ by the
discrepancy between the actual services received by interieal-time criterion, when sessiaris continuously backlogged
classes and those defined by the ideal model. The first stepdlinring (a;, t]. Since3>, 4,y Ei(a;; t) = E(t), we have a
the approximation is to note that if sessiohecomes active at sufficient condition. E;(-; -) is updated every time session
time ¢, we have [see (7)] ¢ becomes active by the functiompdate EC according to
Y , , (11) (see Fig. 5). It is important to note that even though the
Dit; #) —eilt) < Sit' —1), £ 2t ©) formula, which is applicable to algorithms with service curves
By using this inequality and the fact thaf, S;(t) < R x t,for  of arbitrary shapes, looks complicated, the eligible curves are
anyt, the below derivation from (8) follows: actually quite simple to compute in the specific cases that we
_ o are interested in. For example, for a session with a concave
E(t) = Z Difas; ?) service curve, the eligible curve is the same as the deadline
curve. Intuitively, this is easy to understand as the minimum
, service rate required by a session with a concave service curve
T |hax > (Difai; ¥) = Dias; ) will not increase in the future, thus there is no need to provide
‘ future service for it. Similarly, for a session with a two-piece
linear convex service curve (first slope second slopes,
+ Z (Di(t; ') — ci(t)) — R x (t' —¢) where3 > «), the eligible curve is the linear curve with the
i€P(t) slope off.

1CA(t)
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C. Virtual Time update.v(i,p)
n = parent(z);

if (not active(s)) /* class ¢ becomes active x
= s ) s — in. . . .
The concept of virtual time was first proposed in the contex % = ma=(¥va)i /xvn (z;rgii”tt’?e%’;‘,‘ge"(("))((7’1}1,))4)'/2 o/
. . . . 3 clve aren(n
of packet fair queueing (PFQ) and H-PFQ algorithms to achie\ update_VC(i, current_time); /* update V; by Eq. (12) %/

fairness, real-time, and hierarchical link-sharing. In H-FSC,w  if (active(n))

; : : : - . . return;
use a generalized version of virtual time to achieve hierarchic .. /x class & is already active x|
link-sharing. w; = w; + length{p);
Vo)
Each fair queueing algorithm maintains a system virtual tim if(’;; ; }‘{1‘00(1:)’”')'
v*(+) [10]. In addition it associates to each sessianvirtual update_v(n1, p);

start times,(+), and a virtual finish timef; (). Intuitively, v*(¢)

represents the normalized fair amount of service time that ed—'ég] 6. The function which updates the virtual time curves and the virtual times
session should have received by titne; () represents the nor- In H-FSC.

malized amount of service that sessidras received by timg

and f;(t) represents the sum betwegli¢) and the normalized are updated when a packet starts being serviced or a class be-
service that sessiarshould receive when the packet at the heasbmes active. The functiampdate v for this purpose is shown
of its queue is served. Sineg(t) keeps track of the service re-in Fig. 6. When a session becomes actiyagate v recursively
ceived by sessionby timet, s;(t) is also called the virtual time updates the virtual times and the virtual curves in the hierarchy
of sessioni, and alternatively denoteg(t). The goal of all PFQ by following child-parent links till it reaches the root or a parent
algorithms is then to minimize the discrepancies amafit)’s class that is already active.

andv’(t). In a H-PFQ system, each class keeps a virtual timeIn the algorithm, we actually maintain a virtual curvig the
function and the goal is to minimize the discrepancies amoinyerse function of;, instead of;;. When clasg becomes active
the virtual times of all sibling classes in the hierarchy. Variou®r the first time,V; is initialized toi's service curves;(-). V; is
PFQ algorithms differ in two aspects: the computation of thaen updated by using thegpdate VC function every time the
system virtual time function, and the packet selection policglass becomes active at timg, the beginning of théth active
Examples of system virtual time functions are the virtual staperiod, based on the following formula

time of the packet currently being served [12], the virtual finish

time of the packet currently being served [10], and the minimum Vi(ak; v)

between the current value of a linear functi(_)n that adva_lnces at _ in (Vi (a@fl; U) . S; (U _ Us(‘)(al‘c)) + wi(a’?‘)) ’

the server’s rate, and the smallest of the virtual start times of ! PR ’

all packets at the heads of currently backlogged queues [3]. Ex- v 2 vl (al) (12)
amples of packet selection policies are smallest start time first

(SSF) [12], smallest finish time first (SFF) [10], and smallest eWherew;(af) is the total amount of service received by class
igible finish time first (SEFF) [2], [17]. The choice of different? by time af, both by the link-sharing and the real-time cri-
system virtual time functions and packet selection policies dgria, whilev? . (af) is the system virtual time associated to the

fects the real-time and fairness properties of the resulting PR@rent of class. Note that we use instead oft in the above
algorithm. equation to reflect the fact thaf; is a function of the virtual

Similar to H-PFQ, for each classin the hierarchy, H-FSC time. Finally, it is worth noting that wheS;(-) is a straight line

maintains a virtual time function;(¢) that represents the nor-Wlth s_Iopev v frqm (12) \ivf hf\/é/’(az v) = Tiv, '_I'he_n, the vir
. . 4 . . tual timew; is simply V—1(af; w;) = w;/r;, which is exactly

malized amount of service that clashas received by time the virtual time of sessioﬂir; PFQ algorithms

In H-FSC, virtual times are used by the link-sharing criterion to 9 '

distribute service among the hierarchy according to classes’ ser-

vice curves. The link-sharing criterion is used to select the next V. IMPLEMENTATION ISSUES ANDCOMPLEXITY

packet only when the real-time criterion is not used. Since theTne functionsreceive packetandget_packetdescribed in
real-time guarantees for leaf classes are ensured by the real-t'mga_ 4 are called each time a packet arrives or departs. In our
criterion, the effect on performance by having different systegyrrent implementation we maintain two requests per session,
virtual time functions and packet selection algorithms in thgne characterized by the eligible time and deadline, called the
link-sharing criterion is less critical. In H-FSC we use the SSfga|-time requestand the other characterized by the virtual time,
policy and the system virtual time functiaff = (vi,min +  called thdink-sharing requestor maintaining the real-time re-
Vi, max )/ 2, WNETev; win @NAv;, max are the minimum and the qyests we can use either an augmented binary tree data structure
maximum virtual start times among the active children of cdlass;s the one described in [16], or a calendar queue [4] for keeping
By doing so, we ensure that the discrepancy between the virtyakk of the eligible times in conjunction with a heap for main-
times of any two active sibling leaf classes is bounded (see Sggning the requests’ deadlines. While the former method makes
tion VI). Itis interesting to note that setting to eitherv; min it possible to perform insertion and deletion (of the eligible re-
O Vi, max results in a discrepancy proportional to the number Q|fuest with the minimum deadline) @(log n), wheren is the
sibling classes. number of active sessions, the latter method is slightly faster on
In H-FSC,v;(¢) is iteratively computed by using the previousiverage. The link-sharing requests are stored in a heap based on
virtual time function and the class’ service curve. Virtual timetheir virtual times.
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S update.DC(z, a)

§ mf=r; S; if (m} > m?)and (i +y7 —yi >m? x(a+azf —z))
max /* D; concave and intersects Si(t — a) + ¢; */
LWy temp = y; — m2x;; /% compute intersection point x/

}a - temp)/(mf - m});

Yi = mf:z:, + temp;

{ z;=(c;—m
; else
7

x; =a+ zf;
—— >~ yi=Ci+y,-S;
xi=di
(a) Fig. 8. The function which updates the deadline cubse a represents the

time when the session becomes activas the amount of service that has been
received by sessianby the real-time criteriony; andy; are the coordinates of
the inflexion point of the deadline curve, whit¢’ andy? are the coordinates
of the inflexion point ofS;(-).

service

the segments intersection poirtandy;; the slopes of the two
segmentsy;t andm?, remain unchanged. The deadline curve,
. as well as the virtual and eligible curves, is updatety when
the state of a session changes from passive to active. As long as
the session remains active, no curves need to be updated.
Fig. 7. The service curve associated with a sessisncharacterized by its The update op_eratlon_ of the_ Vlrt_ual Curve_ I_S performed
maximum delay/™**, maximum unit of worku™*<, and average rate: (a)if Oy update_VC. Since this function is very similar tap-
uper/dpex > r;, the service curve is concave and (b) otherwise, itis convedate DG—the only difference is that instead of using
anda, we use the total service; and the virtual timeu;(i),

Besides maintaining the request data structures, the algoritffaPeCtively—we do not show it here. _
has to compute the various curves, and update the eligible time2though from (11) it appears that the computation of the el-
the deadline, and the virtual time. While itis expensive to updd@Ple curve is quite complex, it turns out that it can be done
general service curves, in practice the complexity can be signff’y efficiently in our case: if the deadline curve is concave,

icantly reduced by considering only piece-wise linear curveshenthe eligible curve simply equals deadline curve; if the dead-

Up to this point, our results apply to classes with genergTe curve is two-piece linear convex, then the eligible curve is
nondecreasing service curves. However, for simplicity, in o&}mﬁlyda I'g? that starts a(tjtrr]\e sa;]me point ?5 the f|rsr;[ sggmdel_nt
implementation we consider concave and convex service cur\9é§ e deadline curve, and has the same slope as the deadline

only. Each session is characterized by three parameters: tHeHrve's SeCO”‘?‘ segment. . .
largest unit of work, denotedi™®, for which the session Thus, updating the deadline, eligible and virtual curves takes
’ 7 )

requires delay guarantee, the guaranteed dé#y, and the c_onstanttime. Computing the (_eligible tim_e, deadline and vir_tual

session’s average ratg. As an example, if a session require%_Ime reduce_zs to th_e computation of the InNverse of a two-piece

per-packet delay guarantee, thef™ represents the maximum inear function, which takes also constant t|me._ConsequentIy,

size of a packet. Similarly, a video or an audio session ¢ FSC takesO(log ,”) to execute per packet "",”'Ya' f’r,paCket

require per frame delay guarantee, by setiifig to the max- eparture, where is _the numper of flows. This is similar to

imum size of a frame. The session’s requirements are mapP&der Packet scheduling algorithms [3].

onto a two-piece linear service curve, which for computation

efficiency is defined by the following three parameters: the

slope of the first segment;}, the slope of the second segment In this section, we present our main theoretical results on the

m?, and thez-coordinate of the intersection between the twdelay and fairness properties of H-FSC. The proofs can be found

segmentss;. The mappingu™a*, d#ax 1) — (m}, z;, m?) in [18]. For the rest of the discussion, we consider dhéval

for both concave and convex curves is illustrated in Fig. 7. time of a packet to be the time when the last bit of the packet
It can be easily verified from (7) that any deadline curve théitas been received, and thepartingtime to be the time when

is initialized to a service curve of one of the two types discussétk last bit of the packet has been transmitted.

above remains a two-piece linear service curve after each updat€&he following theorem shows that by computing the deadline

operation. It is worth noting that although all two-piece lineanf each packet based dn;, as defined by (7), we can indeed

concavecurves exhibit this nice property, this is not true for aljuarantee the service curge of session.

two-piece linear convex curves. In fact, it can be shown thatTheorem 1: The service curve of a session is guaranteed if

only two-piece linear convex service curves which have thedach of its packets is transmitted before its deadline.

first segment parallel to the-axis have this property. Since the The next theorem gives a tight delay bound for H-FSC. In

first segment of a deadline curve does not necessarily interseachjunction with the previous theorem, this result shows that,

the origin, we need an extra parameter to uniquely characterimeH-FSC, the service curves are guaranteed to within the size

a deadline curve. For this purpose we usegbmordinate of of a packet of maximum length.

the intersection between the two segments and dengtelihe Theorem 2: The H-FSC algorithm guarantees that the dead-

pseudocode for updating a deadline curve is presented in Figlil®e of any packet is not missed by more than, wherer, .«

The only parameters that are modified are the coordinatesrepresents the time to transmit a packet of maximum length.

(b)

VI. DELAY AND FAIRNESSPROPERTIES OFH-FSC
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Unlike H-PFQ, the delay bound of H-FSC doest depend 45 Mops
on the number of levels in the hierarchy. This is simply becau
the computation of the deadlines are based on the service cui
of the leaf classes only, and packet selection using the real-ti
criteria is independent of the hierarchy structure.
Next, Theorem 3 characterizes the fairness of H-FSC for le 20 Mips @
classes, by giving a bound on the discrepancy between the ac
service distribution and the ideal link-sharing model. SMbps  SMbps  SMbps  SMops 5 Mbps
Theorem 3:In H-FSC, the difference between the virtua

times of any two sibling leaf classes that are simultaneously z
tive is bounded by a constant.

From the theorem, the following corollary immediately fol-6¢Xbes ~ 2Mbps  5Mbps  8Mbps  4Mps
lows.
Corollary 1: In H-FSC, for any two sibling leaf classéand

Jj that are continuously active during a time intergal, ¢-], the
following holds: We evaluate the H-FSC algorithm using both simulation and

measurement experiments. The experiments are performed on
[(vi(t2) — vi(t1)) — (v;(t2) —v,;(t1))| < B (13) a 200 MHz Intel Pentium Pro system with 256-kbyte on-chip
L2 cache, 32 MB of RAM, and a 3COM Etherlink Il ISA eth-
whereB depends on the characteristics of the service curvesgifiet interface card. We instrumented the kernel such that we
sessiong andj. can record a log of events (such as enqueue and dequeue) with
In other words, the difference between the normalized servigge-stamps (using the CPU clock cycle counter) in a system
time that each session should receive during the int¢tvat]  memory buffer while the experiments are running, and later re-
is bounded. It can be easily shown that when the service curygéve the contents of the log through @ttl  system call
for classeg and; are linear,B reduces to the fairness metricfor post-processing and analysis. In the rest of this section, we
defined by Golestani [10]. present results to evaluate H-FSC'’s performance in three as-
Unlike the discrepancy between two sibling leaf classgfcts: 1) H-FSC's ability to provide real-time guarantees; 2)

which is bounded by a value that depends on service curv@s=SC'’s support for link-sharing; and 3) the computation over-
associated with classésnd; only, in the case of two interior head of our implementation of the algorithm.

sibling classes, this discrepancy dependsatinsessions in

the system. This is because the scheduler uses the real-tgnereal-Time Guarantees

criterion whenever a session is eligible, independent of the
position of the session in the hierarchy. Thus, the bound for

: L ) ... hecause we can have better control over traffic sources in the
the discrepancy between two interior classes increases with the

. . o Simulator. We compare H-FSC to H-W8+ [3], which, to
number_ of sessions in the system. To reduce_ thls dlscrepar}% best of our knowledge, achieves the tightest delay bounds
a possible solution is to use the global eligible curke

computed by (8), instead of the individual sessions’ eligibf%mong .a" hierarchical packet falr_queuemg algor}thms.
i . X L Consider the two-level class hierarchy shown in Fig. 9. The
curves. However, as discussed in Section 1V-B, this increages .
. value under each class represents the bandwidth guaranteed to
the complexity of H-FSC. How much we can reduce th : . X
: . at class. In our experiment, the audio session sends 160-byte
discrepancy and how to reduce the complexity of compuking ! : :
are topics of future research packets every 20 ms, while the video session sends 8-kbyte
' packets every 33 ms. All the other sessions send 4-kbyte packets
and the FTP session is continuously backlogged.

To demonstrate H-FSC's ability to ensure low delay for
We have implemented H-FSC in a simulator and in theal-time connections, we target for a 5-ms delay for the
kernel of NetBSD 1.2 on the Intel i386 architecture. We usgudio session, and a 10-ms delay for the video session. To
a calendar queue in conjunction with a heap to maintain taghieve these objectives, we assign to the audio session the

real-time requests, and a heap at each interior class to mainggifvice curveS, = (up™* = 160 bytes,d;™ = 5 ms,

the link-sharing requests. The simulator and the NetBSD impler = 64 kbyte/s), and to the video session the service curve

mentation share basically the same code. The only differene = (u}** = 8 kbytes,d;** = 10 ms,r, = 2 Mbytes/s).

is that in the NetBSD implementation, we use the CPU clo@Xso, in order to pass the admission control test, we assign to

cycle counter provided by the Intel Pentium Pro processtire FTP session the service cu¥grr = (uit = 4 kbytes,

as a fine-grain real-time clock for eligible time and deadlinéi-i5 = 16.25 ms,rprp = 5 Mbytes/s). The service curves of

manipulations. In NetBSD, besides the scheduler, we have a#dthe other sessions and classes are linear.

implemented a packet classifier that maps IPv4 packets to thé=ig. 10 shows the delay distribution for the audio and video

appropriate classes in the hierarehy. sessions under H-WR+ and H-FSC. Clearly, H-FSC achieves
much lower delays for both audio and video sessions. The re-

4This implementation is now publicly available online for both NetBSD an&juction in Qe'ay With H'F_SC is especially significant for th.e_
FreeBSD. http://www.cs.cmu.edtizhang/HFSC/2. audio session. This is a direct consequence of H-FSC's ability

Fig. 9. Class hierarchy.

We use simulation to evaluate the delay properties of H-FSC

VIl. PERFORMANCE EVALUATION
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to decouple delay and bandwidth allocation. The periodic varievel two (replacing the audio, video, FTP, tbhe-oFF and
tion in the delay, especially under H-\W®+-, mirrors the peri- the 4-Mbytes/s Poisson sessions) have bandwidth reservations
odic activity of theoN-oFFsource. H-WEQ+ is more sensitive of 80 kbytes/s, 480 kbytes/s, 1.44 Mbytes/s, and 2 Mbytes/s,
to these variations due to the coupling between bandwidth amdpectively. The total aggregate bandwidth reservation is 10
delay allocation. Intuitively, when theN-OFFsource becomes Mbytes/s—ethernet’'s theoretical maximum throughput. All
active, the number of packets from competing sessions thatsassions are continuously backlogged except for the 2-Mbytes/s
audio or video packet has to wait before receiving service aession which is aaN-oFFsource. The traffic load is generated
most doubles and the delay increases accordn@ly.the other by a self-timed user-level program that sends UDP packets of
hand, H-FSC ignores the class hierarchy in satisfying the delsige 512 bytes for each session at the required rates. Fig. 11
requirements. Therefore, when the-OFFsession becomes ac-shows the bandwidth versus time graph for four sessions at
tive, the number of additional packets from competing sessiolesel 2 in the hierarchy. To compute the bandwidth, a 37.5-ms
an audio or video packet has to wait before being transmitted Beraging interval is used for all sessions except that a 60-ms
creases by less than 20% because the bandwidth oftherF interval is used for the 80-kbytes/s session due to its low packet
session accounts for only 18% of the total bandwidth. rate. As can be seen, when the 2-Mbytesks-OFF session

is idle, its bandwidth is fairly distributed to the other three
B. Link-Sharing competing sessions, while when all sessions are active, they all

To evaluate H-FSC's support for link-sharing, we conduct tHrgcewed their guaranteed rates.
following experiment using our NetBSD/i386 implementatio
as the platform.

We set up a class hierarchy similar to the one in Fig. 9 There are generally two types of computation overhead in-
except that there are only four sessions at each level. Xflved in our implementation: enqueue and dequeue. To mea-
sessions have linear service curves. The sessions at level &€ the enqueue and dequeue overhead, we run the simulator
(replacing the 5-Mbytes/s Poisson sessions in Fig. 9 all haesingle user mode on a 200-MHz Pentium Pro system with

bandwidth reservation of 1.5-Mbytes/s. The four sessions 4r6-kbytes L2 cache and 32-Mbytes of memory running the un-
changed NetBSD 1.2 kernel. Since essentially identical code is

SBecause the bandwidth of tieel-oFFsession accounts for 40% of the totaljsed in both the simulator and the NetBSD kernel |mplementa-
bandwidth of class A, when then-OFFsession becomes active, the number o

packets of class A that have deadlines within a time interval also increases W the results also reflect the overhead in the NetBSD imple-
approximately 40%. mentation.

. Computation Overhead
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In all experiments presented in this section, we measure: “r T
. 12 e "
1) average enqueue time; e

2) average dequeue time for selecting a packet by both the
link-sharing and the real-time criteria;

3) average per packet queueing overhead, which is the total
overhead of the algorithm divided by the number of
packets forwarded.

Time (usec)

In each case, we compute the averages over the time interval be- .
tween the transmission of the 10 000th and the 20 000th packet ' Nambe ot ovel °

to remove the transient regimes from the beginning and the end (b)

of the simulation.

In the first experiment, we use one level hierarchies where th@ 12. (a) The overheads for a flat hierarchy with 1, 100, and 1000
number of sessions varies from 1 to 1000 in increments of 13@ssions and (b) the overheads for a one-level, two-level, and three-level
The link bandwidth is divided equally among all sessions. THEarchies, with each hierarchy having 1000 sessions.
traffic of each session is modeled by a two-state Markov process
with an average rate of 0.95 of its reserved rate. As shown in VIII. RELATED WORK

Fig. 12(a), enqueue and dequeue times increase very little a€lass-based queueing (CBQ) [8] and H-PFQ [3] are two al-
the number of sessions increases from 100 to 1000. gorithms that aim to support hierarchical link-sharing, real-time
In the second experiment, we study the impact of the numbeard priority services.
of levels in the class hierarchy on the overhead. We do this byA CBQ server consists of a link-sharing scheduler and a gen-
keeping the number of sessions constant at 1000 while varyi@l scheduler. The link-sharing scheduler decides whether to
the number of levels. We consider three hierarchies: one-lev&gulate a class based on link-sharing rules and mark packets
two-level with ten internal classes, each having 100 chilof regulated classes as ineligible. The general scheduler serves
classes, and three-level with each internal class having ten chaldjible packets using a static priority policy.
classes. As shown in Fig. 12(b), the enqueue and dequeue timebhe key difference between H-FSC and CBQ is that H-FSC
as well as the average per packet queueing overhead incraasiesigned using a formal approach. By presenting a formal
linearly with the number of levels. model that precisely defines all the important goals of link-
Finally, we consider the case when all sessions are contafraring, real-time, and priority services, we expose the funda-
uously backlogged. The average enqueue time in this casenisntal tradeoffs between conflicting performance goals. This
very small (less than 0.3s) as a packet arriving at a nonemptenables us to design an algorithm, H-FSC, that not only pro-
queue is just added at the end of the queue without invokingles better and stronger real-time guarantees than CBQ, but
any other processing by the algorithm. However, both types @fo supports more accurate link-sharing service than CBQ. In
dequeue times increase accordingly. This is because whenevaeddition, H-FSC offers much stronger protection among traffic
packet arrives at an empty queue or a packet is dequeued, ouckdsses than CBQ when priority is supported.
gorithm moves the real-time requests that have become eligibld-or real-time services, H-FSC provides per session delay
from the calendar queue into the heap. Since in this experimebtaind that is decoupled from the bandwidth requirement
all sessions are backlogged, this cost is charged to the dequebée CBQ provides one delay bound for all real-time sessions
operations only. Nevertheless, the average per packet queusaingring the link. In addition, the delay bound provided by CBQ
overhead changes little. For the flat hierarchy with 1000 sesecounts only for the delay incurred by the general scheduler,
sions, the average per-packet overhead is 8s/9vhile for the but not the delay potentially incurred by the link-sharing
three-level hierarchy it is 11.54s. scheduler. Since a traffic stream that is smooth at the entrance
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to the network may become burstier inside the network daed [21], it has been shown that more general service curves
to network load fluctuations, the link-sharing scheduler for ether than linear curves can be supported by GPS. However,
router inside the network may regulate the stream. With certahis general resource assignment of GPS is only possible if
regulators such as those defined in [9] and [20], this regulatiafi relevant sessions in thentire network are policed at the
delay does not increase the end-to-end delay bound. Howegeurces. Therefore, sources will not be able to opportunistically
the regulating algorithm implemented by the link-sharingtilize the excess bandwidth available in the network by sending
scheduler in CBQ is based on link-sharing rules and is quiteore traffic than reserved. It is unclear whether link-sharing
different from the well-understood regulators defined in [9an be supported in such a network. In H-FSC, the scheduler
and [20]. In addition, in order for the end-to-end delay bounguarantees a minimum service curve to a session regardless of
of a session to not be affected by the regulating delay, thee behavior of other sessions in the network. In addition, it does
session’s parameters need to be consistent among all regulatotsequire a session’s input traffic to be policed at the network
in the network. In CBQ, the regulation process is affected @ntrance, thus it allows sources to statistically share the excess
the link-sharing structure and policy, which are independentiandwidth inside the network. Furthermore, even for real-time
set at each router. Therefore, it is unclear how the end-to-esetvices that do not allow link-sharing, service-curve-based
delay bound will be affected by the regulation of link-sharingchedulers still achieve a larger schedulability region than GPS
schedulers. with general resource assignments.

For link-sharing service, by approximating the ideal, well-de- Fair airport (FA) schedulers proposed in [11] combine a rate-
fined FSC link-sharing model, H-FSC can identify precisely antbntrolled service discipline with start-time fair queueing (SFQ)
efficiently the instances where there are conflicts between {&2]. The concept of using two scheduling disciplines, one to en-
guirements of leaf classes (real-time) and interior classes (lirflerce the real-time criterion, and the other to enforce the link-
sharing). H-FSC can thus closely approximate the ideal linkharing criterion, is similar to H-FSC. The key difference is that
sharing service without affecting the performance of real-timeghile in FA the link-sharing criterion considers only the excess
sessions. With CBQ, there could be situations where the perfeervice, in H-FSC the link-sharing criterion considersehgre
mance of real-time sessions is affected under the formal-linkervice allocated to a class. At the algorithmic level this dif-
sharing or even the more restrictive ancestor-only rules [8]. Terence is reflected by the fact that in FA the virtual time of a
avoid the effect on real-time sessions, a more restrictive tagession is not updated when a packet is served by the real-time
level link-sharing policy is defined. criterion.

Another difference between H-FSC and CBQ is that in
H-FSC, priorities for packets are dynamically assigned based
on service curves, while in CBQ, they are statically assigned
based on priority classes. In CBQ, the link-sharing rule is
affected only by bandwidth; once packets become eligible, theywe make two important contributions. First, we define an
have a static priority. This has some undesirable consequen¢gsal FSC link-sharing model that supports
As an example, consider the class hierarchy in Fig. 1, assume . . .
that CMU has many active video streams (priority 1) but no 3) guargntegd QoS .for all sessions and classes in a link-

X - . : ) sharing hierarchy;

data traffic (priority 2), according to the link-sharing rule, CMU LD .
video traffic will become eligible at a rate of 25 Mbytes/s. b) fa!r dl|str|but'|on of excess bandwidth; .
Once they become eligible, they will all be served at the c) p_rlorlty service or decoupled delay and bandwidth alloca-

. - o . tion.
highest priority by the general scheduler. This will negatively
affect not only the delay bound provided to U. Pitt’s real-tim8Y defining precisely the ideal service to be supported, we ex-
traffic, but also the average delay of U. Pitt's data traffid0se the fundamental architecture level tradeoffs that apply to
which is served by the general scheduler at a lower priori§ny schedulers designed to support link-sharing, real-time, and
In contrast, H-FSC provides much stronger firewall protectid?fiority services. As a second contribution, we propose a novel
between different classes. The service curve of a leaf class fheduler called H-FSC that can accurately and efficiently ap-
be guaranteedegardlessof the behavior of other classes. InProximate the ideal FSC link-sharing model. The algorithm al-
addition, link-sharing among classes is also dictated by servi¥@ys guarantees the performance of leaf classes while mini-
curves. The excess service received by a class will be limitB#zing the discrepancy between the actual service allocated and

by its ancestors’ service curves, which specify both bandwidiiie service it should be allocated by the ideal FSC link-sharing
and priority in an integrated fashion. model to the interior classes. We have implemented the H-FSC

Like H-FSC, H-PFQ is also rooted in a formal frameworkSchedulerin the NetBSD environment, and demonstrated the ef-

The major difference between H-PFQ and H-FSC is that H-EFdectiveness of our algorithm by simulation and measurement ex-
decouples the delay and bandwidth allocation, thus achieR&iments.
more flexible resource management and higher resource utiliza-
tion. In addition, unlike H-PFQ where a session’s delay bound
increases with the depth of the hierarchy, the delay bound pro- ACKNOWLEDGMENT
vided by H-FSC is not affected by the depth of the hierarchy.
In this paper, we use service-curve-based schedulers tdhe authors would like to thank the reviewers for their com-
achieve decoupling of delay and bandwidth allocation. In [Thents which helped improve the paper.

IX. CONCLUSION
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