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Abstract— In this paper, we study hierarchical resource management audio and video streams from CMU, the audio and video traffic
models and algorithms that support both link-sharing and guaranteed real- should eceive all the bandwidth that is allocated to CMU (25
time services with priority (decoupled delay and bandwidth allocation). We . s . . .
extend the service curve based QoS model, which defines both delay andepS) if the demand is high enough. Thatis, !f a certain tr,a,‘ﬁ'c
bandwidth requirements of a class in a hierarchy, to include fairmess, which class from CMU does not have enough traffic to fully utilize
is important for the integration of real-time and hierarchical link-sharing its minimum guaranteed bandwidth, other traffic classes from
services. The resultingFair Service Curve link-sharingnodel formalizes CMU have precedence to use teicesbandwidth over traffic
the goals of link-sharing, real-time and priority services and exposes the . . . g
fundamental tradeoffs between thesgoals. In particular, with decoupled  Classes from U. Pitt. While the above policy specifies that the
delay and bandwidth allocation, it is impossible to simultaneously providle CMU audio and video traffic classes have priority to use any
guaranteec:‘r%all-time Iservi(r:]e and”acc:‘hieve pe:}fectI link-sharing. We pro?ose excess bandwidth unused by the data traffic, there is still the
a novel scheduling algorithm called Hierarchical Fair Service Curve (H- . . . L
FSC) that approximates the model closely and efficiently. The algorithm issue of ho‘_N the eX(_:eSS bandwidth is distributed be_tween _the
always guarantees the service curves of leaf classes, thus ensures real-tim&udio and video traffic classes. The second goal of hierarchical
and priority services, while minimizing the discrepancy between the actual |ink-sharing service is then to have a proper p0||Cy to distribute

services provided to and the services defined by the Fair Service Curve : ; Sl
link-sharing model for the interior classes. We have implemented the H- the excess bandwidth unused by a class to its sibling classes.

FSC scheduler in NetBSD. By performing simulation and measurement  In addition to the two goals mentioned above, it is also impor-
experiments, we evaluate the link-sharing and real-time performances of gnt to support real-time and priority services within the frame-
H-F nd determine the computation overhead. h . . . : . .
sc.a ! putation ov work of hierarchical link-sharing. Since real-time service guar-
antees QoS on a per session basis, a natural way to integrate
|. INTRODUCTION real-time and hierarchical link-sharing services is to have a sep-

Emerging integrated services networks will support appncgrate Ie'af'clasls for each real'-time session. In the example, the
tions with diverse performance objectives and traffic charaeMU Distinguished Lecture video and audio classes are two leaf
teristics. While most of the previous research on integrat€®Sses that correspond to real-time sessions. Finally, itis also
services networks has focused on guaranteeing QoS, espedgwortant to support priority service in the sense that delay (both
the real-time requirement, for each individual session, sevef¥frage delay and delay bound) and bandwidth allocation are
recent works [1], [7], [15] have argued that it is also importaftecoupled. For example, even though the CMU Distinguished
to support hierarchical link-sharing service. Lecture V|de'o.and QUdIO classes. have different bandwidth re-

In hierarchical link-sharing, there is a class hierarchy assogiirements, itis desirable to provide the same low delay bound
ated with each link that specifies the resource allocation polifgf Poth classes. Decoupling the delay and bandwidth alloca-
for the link. A class represents a traffic stream or some aggreg%\?é‘ is glso desirable for interior or leaf classes that correspond
of traffic streams that are groupadcording to administrative af- © traffic aggregates. For example, one may want to provide a
filiation, protocol, traffic type, or other criteria. Figure 1 show!ower average delay for packets in CMU's audio traffic class than
an example class hierarchy for a 45 Mbps link that is sharf}Pse in CMU's data traffic class.
by two organizations, Carnegie Mellon University (CMU) and A number of algorithms have been proposed to support hier-
University of Pittsburgh (U. Pitt). Belowach of the two organi- archical link-sharing, real-time, and priority services. However,
zation classes, there are classes grouped based on traffic tygegiscussed in Section VII, they all suffer from important limi-
Each class is associated with its resource requirements, in taf§ons. The fundamental problem is that with all three services,
case, a bandwidth, which is the minimum amount of servi¢aultiple requirements need to be satisfied simultaneously. In
that the traffic of the class shouldaeive when there imeugh Some cases this is impossible to achieve due to conflicting re-
demand. quirements. This problem is exacerbated by the fact that there

There are several important goals that the hierarchical ling-no formal definition of a hierarchical link-sharing service that
sharing service is aimed to achieve. First, each classild specifies all these requirements.
receive a certain minimum ant of resource if there is enough In this paper, we consider an ideal model, called Fair Service
demand. In the example, CMU's traffic shoukteive at least Curve (FSC) link-sharing, that precisely defines all the impor-
25 Mbps of bandwidth during a period when the aggregate traffant performance goals of real-time, hierarchical link-sharing,
from CMU has a higher arrival rate. Similarly, if there is resourcand priority services. The basic building block of the framework
contention between traffic classes within CMU, the video traffis the concept of service curve, which defines a general QoS
should get at least 10 Mbps. In the case where there are omigdel taking into account both bandwidth and priority (delay)



services can be provided on a per session basis in this framework.
45 Mbps The rest of the paper is organized as follows. Section Il
presents the Fair Service Curve link-sharing model and dis-
cusses the fundamental tradeoffs in approximating this model.

Link

25 Mbps 20 Mbps Section Il presents our solution, the Hierarchical Fair Service
Curve (H-FSC) scheduler, followed by a discussion on its im-
plementation complexity in Section IV. We analyze the delay

@ and fairness properties of H-FSC in Section V, and evaluate its

ontb performance based on both simulation and measurement exper-
> iments in Section VI. We discuss related work in Section VI
@ % and conclude the paper in Section VIII.
ps
Video

2Mbps 8Mbps 128 3Mbps 9 Mbps Il. FAIR SERVICE CURVE LINK-SHARING MODEL
@ @ @ ‘ @ In this section, we first define the service curve QoS model
and motivate the advantage of using non-linear service curve to
Distinguished Disinguished decouple delay and bandwidth allocation. We then extend the
concept of fairness to service curve based schedulers. Finally,
Fig. 1. An Example of Link-Sharing Hierarchy. we present the ideal Fair Service Curve link-sharing model and

discuss the fundamental tradeoffs involved in designing a sched-

. . . . : uler that approximates this model.
requirements. In this architecture, each class in the hierarchy l|s PP

associated with a service curve. The idEalr Service Curve A Service Curve Based QoS Model

link-sharing model requires that (a) the service curves of all

classes in the hierarchy are simultaneously guaranteed, and (1)S discussed in Section I, we use the service curve abstraction
the excess bandwidth unused by a class is distributed to its §f2P0sed by Cruz [4], [5] as the building block to define the
ling classes fairly. Since the service curves of all classes &fgalized link-sharing model. ,

guaranteed simultaneously, the QoS of individual sessions (leaf* SESSION: is said to be guaranteed a service cuf/g),

classes in the hierarchy) and traffic aggregates (interior and pS€re Si(-) is a non-decreasing function, if for any tinte

sibly leaf classes in the hierarchy) are satisfied. In additioffnen sessionis backlogged, there exists a time< ¢, which
delay and bandwidth allocation can be decoupled by choosiiighe Peginning of one of sessigis backlogged periods (not
service curves of different shapes. Therefore, the Fair Serviéecessarily including), such that the following holds
Curve link-sharing model gives a precise definition of a service Si(ta —t1) < wi(ty, t2), (1)
that satisfies all the important goals of link-sharing, real-timgherew; (t1,1) is the amount of serviceeceived by session
and priority services. during the time intervalts, t,]. For packet systems, we restrict

Unfortunately, as we will show in the paper, the ideal mode} to be packet departure times. A service curve is said to be
cannot be realized at alltime instances. In spite of this, the modehvexif its second derivative is non-negative and is not the
serves two important purposes. First, unlike previous modet®nstant function zero, and it is said todmncaveif its second
the new model explicitly defines the situations where all perfagierivative is non-positive and is not the constant function zero.
mance goals cannot be simultaneously satisfied, thus exposingh the case in which theerver'sservice curve is not concave,
the fundamental tradeoffs among conflicting performance goalsie algorithm that supports service curve guarantees is Service
Second, the model serves as an ideal target that a scheduttdgve Earliest Deadline first (SCED) [14]. With SCED, a dead-
algorithm should approximate as closely as possible. line is computed for each packet using a per session deadline

With the ideal service model defined and the fundamen®@lrve D; and packets are transmitted in increasing order of their
tradeoffs exposed, we propose an algorithm called Hierarchidaladlines. The deadline curég is computed such that in an
Fair Service Curve (H-FSC) that achieves the following thrégdealized fluid system, sessiais service curve is guaranteed
goals: if by any timet when sessiorn is backlogged, at leadd; (¢)

« guarantee the service curves of all leaf classes, amount of service is provided to sessiorBased on Eq. (1), it

+ minimize the short-term discrepancy between the amougtlows that

of services provided to an interior class and the amount

specified by the Fair Service Curve link-sharing model, D;(t) = min (S;(t —t1) + wi(t1)), (2)
o allocate the excess bandwidth to sibling classes with t1E€B.(t)
bounded fairness where B; (t) is the set of all time instances, no larger than

We have made the architecture level decision that whenever theteen sessiori becomes backlogged, and (t1) = w;(0,%1)

is a conflict between performance goals, the performance guarthe total amount of service sessidmas received by time
antees of the leaf classes take precedence. We believe thig.isThis gives the following iterative algorithm to computy.
the right tradeoff as the performance of leaf classes is directhhen session becomes backlogged for the first timB; is
related to the performance of individual applications. In parti@itialized to i’s service curveS;(-). Subsequently, whenever
ular, since a session is always a leaf class, guaranteed real-tsesion; becomes backlogged again at timfe (the beginning



of session’s k-th backlogged period) after an idling peridd; be seen, the delay of any video packet is no more than 10 ms in

is updatedhccording to the following: this case. It is important to note that the reduction in the delay
for video packets does not come for free, that is, the delay for
Di(a¥;t) = min(D;(af41), Si(t — af) 4 wi(ak)), FTP packets increases consequently. However, this is acceptable
>k 3) since throughput rather than per packet delay is important to the
= FTP session.

The reason for whiclb; is defined only fort > «f is that this  while in theory any non-decreasing function can be used as a
is the only portion that is used for subsequent deadline comgiérvice curve, in practice only linear or piece-wise linear func-
tations. SinceD; may not be an injection, its inverse functiortions are used for simplicity. In general, a concave service curve
may not be uniquely defined. Here, we defiig!(a}; y) tobe resultsinalower average and worst case delay for a session than a
the smallest value such thatD; (a ; 2) = y. Based onD;, the linear or convex service curve with the same guaranteed asymp-
deadline for a packet of lengthat the head of sessials queue totic rate. However, it is impossible to have concave service
can be computed as follows curves for all sessions and stitach high averagetilization.

d; = D7 (ab; wilt) + 1) (4) Thisis easy to understand as priority is relative and it is impos-

siblle to give all sessions high priority (low delay). Formally,

The guarantees specified by service curves are quite genefa . : i
For example, the guarantees provided by Virtual Clock and ﬁa\Fr]-e SCED algorithm can guarantee all the service curves if and

ious Fair Queueing algorithms can be specified by linear serv%rély PR (t). < S(t) holds for qnyt z O’. whereS(t) s the
curves with zero offsets. Since a linear service curve is charac‘:’l][mr)]l“'nt of service the serverlilarowd.es by tgné;zatt) Is, the sum h
terized by only one parameter, the slope or the guaranteed befﬂat- € ser\,/lce curves over all sessions should be no more than
width for the session, the delay requirement cannot be specifleg SEIVETs Service curve.
separatgly. As a consequence, even thoygh delay.bounds§_ar§ervice Curve and Fairness
be provided by algorithms guaranteeing linear service curves,
there is a coupling between the guaranteed delay bound an¥'hile the service curve is very general in specifying the mini-
bandwidth, which results in inflexible resource allocation. Witfium amount of service (in terms of bandwidth and delay) guar-
non-linear service curves, both delay and bandwidth allocatigfteed to a session or a class, it does not specify hoexttess
are taken into account in amtegratedfashion, yet the allocation Service, which is the extra capacity of the server beyond what
policies for these two resources are decoupled. This increatse8eeded to guarantee the service curves of all active sessions,
the resource management flexibility and the resource utilizatigfould be distributed. Itis possible to have different scheduling
inside the network. algorithms that provide the same service curve guarantees but
Toillustrate the advantage of decoupling delay and bandwidtfe different policies for distributing excess service. For exam-
allocation with non-linear service curves, consider the examgite, While Virtual Clock and Weighted Fair Queueing (WFQ)
in Figure 2, where a video and a FTP session share a 10 M§88 provide identical linear service curve guarantees, they have
link served by a SCED scheduler. Let the video source serfifferent fairness properties. In particular, with Virtual Clock, it
30 8KB frames per second, which corresponds to a requi,iécpossiblethatasession does not receive service for an arbitrar-
bandwidth of 2 Mbps. The remaining 8 Mbps is reserved Bly long period because it received excess service in a previous
a continuously backlogged FTP session. For simplicity, let e period. On the contrary, the maximum period that an active
packets be of size 8 KB. Thus, it takes roughly 6.5 ms to transrftssion does not receive service in a WFQ serveoisded.
a packet. Let both video and FTP sessions be active at time 0While fairness properties have been extensively studied for
Then the sessions’ deadline curvBs are the same as theirscheduling algorithms that only use sessions’ rates as parame-
service curvesS;(-). First, consider the case in Figure 2(afers. and there are several formal definitions of fairness, such as
where linear service curves are used to specify the sessidh€ relative fairness given by Golestani [9] and the worst-case
requirements. The arrival curvé (-) represents the cumulativefairess given by Bennett and Zhang [2], it is unclear what fair-
number of bits received by sessianThe deadline of a packetness means and why it is important in the context of scheduling
of session: arriving at timewu is Computed as the timesuch algorithms that deCOUpIe the delay and bandwidth allocation. In
that S;(t) equalsA4;(u). As can be seen, the deadlines of th#is section, we discuss the semantics of fairness properties and
video packets occur every 33 ms, while the deadlines of tggue that fairness is important even for Scheduling algorithms
FTP packets occur every 8.2 ms. This results in a delay it provide performance guarantees by decoupling the delay
approximately 26 ms for a video packet. In the second scenadfed bandwidth allocation. We then give a simple example to
as illustrated in Figure 2(b), we use twepe-wise linear service illustrate that SCED is an unfair algorithm, but can be extended
curves for characterizing the sessions’ requirements. The slé‘ﬂé’e fair.
of the first segment of the video session’s service curve is 6.6There are two aspects of the fairness property that are of
Mbps, while the slope of the second segment is 2 Mbps. Thugerest: (1) the policy of distributing excess service to each of
inflection pointoccurs at 10 ms. The FTP session’s service cuftd currently active sessions, and (2) whether and to what extent

is chosen such that the entire remaining capacity is used. As 8g3£Ssion receiving excess service in a previous time period will
be penalized later.

ln theory, Fair Queueir}g and its corresponding fluid algorithm GPS car_1 For rate_proportiona' Schedu”ng a|goritth, a perfect'y fair
support more general service curves than linear curves [12], [19]. However, |

practice, such aresource assignmenthas a number of limitations. See Sectioﬁ’_(blomhm d'St_”bUteS the. eXC.e.SS service to all backlogged SQS-
for a detailed discussion. sions proportional to their minimum guaranteed rates. In addi-



Service curve of video session Service curve of FTP session Service curve of video session Service curve of FTP session

Service (bits)
Service (bits)
Service (bits)
Service (bits)

t(m: t(ms;
t (ms) (ms) t (ms) (ms)
Arrival packets for video session Arrival packets for FTP session Arrival packets for video session Avrrival packets for FTP session
LLITVINRIINE
0 33 67 0 0 33 67 0
2 2
) . 8 Arrival curve i) . 8 Arrival curve
3 Arrival curve 3 Arrival curve
t(ms) t(ms) t (ms) t(ms)

Deadline Computation Deadline Computation

é Deadline computation é — g Deadline computation % -
Py o | o @ _ |
s - | H | H T
o o} 53 @ _ |
a | I a | 4} b | |
‘ } \ ‘ ‘ } ‘ ||
| | | ‘ | } | L
| i t(ms) ; t (ms) | | ['t (ms) | } t (ms)
L | L ¥
0 33 67 100™MS) 0 8 1624 32 4048 56 6472 80 88 96 0 10 43 771MS) 0 14 2230 38 46 54 62 70 78 (ms)
Departing times Departing times
0 325 65 97.5 t (ms) 0 325 65  t(ms)
(@) (b)

Fig. 2. An example illustrating the benefits of delagndwidth decoupling. The video session requires a bandwidth of 2 MBps and has a delay target of 10 ms.
The FTP session requires 8 Mbps. The total capacity of the link is 10 Mbps. (a) The service curves andtithg sekedule when onlyandwidth is used to
specify the sessions’ requirements. The delay of the video packets is over 26 ms. (b) The service curves and the resulting schedule whsandelalrand
are both specified for each session. The delay of the video packets is now less than 10 ms.

tion, it does not punish a session feceiving excess service inble applications to reserve less resources. For example, a video
a previous time period. Generalized Processor Sharing (GPS3pglication may choose to make reservation only for its minimal

such an idealized fair algorithm. transmission quality and use the excess service to increase its

For scheduling algorithms based on general service curveg,ugl.'ty' In a system Wh'Ch pen'allz.es a sessmn.for usIng excess
fair algorithm should (a) distribute the excess sergceording service, .5th an adaptlye a.ppllcanon runs the ”?k of not receiv-
g its minimum bandwidth if it uses excess service. As a result

to a well defined policy, and (b) not penalize a session that u%% aplication may simoly ch 10 reserve more r )
excess service. Thoughthese two aspects of the fairness propeﬁ/ PP Y Py COOSE t0 TESEIVE MOre resources,
er thamalwaystransmitting at its minimal quality. Second,

are usually considered together in a formal fairness definiti ﬁ‘t . : )
they are actually orthogonal issues. In this paper, we sim ?rness is also important when we want to construct a hierar-

distribute the excess service according to the service curves® %C"EI Scr?eﬂulz; ttoh stut)hport h|erarch|(;a|! Ilknk-hshgrmg. ln'o[ll]él Il;[)
is the second aspect of the fairness property, i.e., a session at reii SI g K taF 1€ accuracy OH IIDF-S gnnlg pr(|)V|t. ed N y
receives excess service in a previous time perianlkl not be erarchical Packet Fair Queueing (H-PFQ) is closely tied to

: . A the fairness property of PFQ server nodes used to construct the
enalized, that we would like to emphasize in thi r.
P phasize in this pape H-PFQ scheduler.

There are two reasons why it is important to have such a fairwhile the SCED algorithm can guarantee all the service curves
scheduler. First, the main motivation of link-sharing service &multaneously as long as the server’s service curve is not con-
thedynamicsharing of resources among applications within ongwe, it does not have the fairness property. Consider the exam-
ancestor class. Such dynamic resource sharing is only meglrshown in Figure 3(a). Session 1 and 2 have two-piece linear

ingful if some applications in the class amelaptive— that is, service curves:(-) andSs(-), respectively, where
during certain periods, they are able to send more than their min-

imum guaranteed bandwidth. We believe that taking advantage at, ift<T
of the excess service in the context of hierarchical sharing is Slt) = { Bt, ift>T )
a part of the link-sharing service, and the applications should

. X al
not be punished. Furthermore, even in a network that suppor?s gt ift<T
guarantees, it is still desirable to let applications to statistically Sa(t) = { ot iftST (6)
share the fraction of resources that are either not reserved and/or ’
not currently being used. We believe, when coupled with the addition, let the server rate be one, and assume the followings
right pricing model, a fair scheduler leads to higher applicatidrold: « < 3, i.e.,S1(-) is convex andb(+) is concavep + 5 <
performance and lower call blocking rate as it encourages flegi-i.e., both service curves can be guaranteed by using SCED;
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Fig. 3. An example illustrating thegunishment” of a session under SCED: (a) the sessions’ service curves. (b) session 1 is the only active sessi@@liring
(c) session 1 does not receive any service dutiggt1], after session 2 becomes active@t(d) A modified version of SCED that tries not to penalize session
1 at all, but violates sessia?is service curve.

and 25 > 1, i.e., itis not possible to guarantee the peak ratesfafrness by minimizing the differences among the virtual time
both sessions simultaneously. functions of all sessions. Since Virtual Clock is a special case of
For simplicity, assume that the packets are of unit lengtBCED, itis natural to use the same transformation for achieving
and once a session becomes active it remains continuously bdgkness in SCED with general service curves. This is achieved
logged. Under these assumptions, the deadline df-theacket by associating with each session a generalized virtual time func-
of session under SCED is simplg; (k) + ., wheret! is the tion, and servicing the session that has the smallest virtual time.
time when sessionbecomes active. Similarly, the deadline o¥Vhile we will describe the detailed algorithmin Section I, we
the last packet of sessiarthat has been transmitted by tihe use the example in Figure 3(d) to illustrate the concept. The
(t > ti)is Sy (wi(th,t)) + t%. Note that since sessiaris not main modification to SCED would be to usg(t — do) instead
active untilt’, we havew; (t) = w; (0, 1) 4-w; (t}, 1) = w; (ti,t). 0f S2(t—1o) in computing the packets’ deadlines for session 2. It
Now consider the scenario in which session 1 becomes acté@ be easily verified that iy (1) = r1¢ andSz(t) = rat, where
at time 0 and session 2 becomes active at tign&ince session 71 andr are the rates assigned to sessions 1 and 2 respectively,
1 is the only session active during the time inter{@lto], it the above algorithm behaves identically to WFQ. Figure 3(d)
receives all the service provided by the server, ua(t) = ¢, shows the allocation of the service time when this discipline is
for any 0< t < to (see Figure 3(b)). Also, the deadline of théised. Note that, unlike the previous case, session 1 is no longer
last packet of session 1 that has been transmitted by#jrise Penalized when session 2 becomes active.
Sl_l(wl(to)) = Sl_l(to)- In summary, fairness can be incorporated into service curve
Next, consider timé, when the second session becomes actip@sed schedulers such that (a) the excess service is distributed ac-
(see Figure 3(c)). Since the deadline of khith packet of session cording to the service curves of active sessions, and (b) a session
2isS5 1(k) +to and packets are served in the increasing order'¢$ing excess service will not be penal!zeq later. Unfortunatgly,
their deadlines, it follows that as Iongﬁ§1(k) +to < Sl_l(to), this does not come for free. As'shown' in Figure 3(gl) the service
only the packets of session 2 are transmitted. Thus, sessiofHfive of session 2 is violated immediately after tirge This
doesnot receive any service during the time intera, 4], ungjerlmes the Q|ﬁ|culty of §|multaneously achieving falrness,'
wheret; is the smallest time such that (wa(t1)) + to > while guaran.teenjgthe service curves. In'fact, as we shall see in
Sl_l(to)- the next section, in general this is impossible.

As shown in Figure 3(c), for any time w1(t) > Si(t) and
wa(t) > Sa(t — o) hold, i.e., the SCED algorithm guarantee
the service curves of both sessions. However, SCED punishess discussed inthe beginning of the paper, the important goals
session 2 for receiving excess service duKidgo] by keeping of hierarchical link-sharing are: to provide guaranteed QoS for
it from receiving service durinfo, ¢1]. This behavior makes it each class, to allow priority (deapled delay and bandwidth al-
difficult to use SCED in a hierarchical scheduler. To see whigcation) among classes, and to properly distribute excess band-
consider a simple two-level hierarchy where the bandwidthwgdth.
shared by two classes, characterized by the service ciyes Since the service curve abstraction provides a general defi-
and Sy(-), respectively. Then, if one of class 1's child classesition of QoS with decoupled delay and bandwidth allocation,
becomes active at some point betwegandt, it will notreceive  and can be extended to include the fairness property for the pur-
any service beforg, no matter how “important” this session is!pose of excess bandwidth distribution, it is natural to use service

It is interesting to note that in a system where all the servicarves to define the performance goals of link-sharing, real-time
curves are straight lines passing through the origin, SCED md priority services. In the Fair Service Curve link-sharing
duces to the well-known Virtual Clock discipline. While Virtualmodel there is a service curve associated wdbhclass in the
Clock is unfair [12], [20], there exists algorithms, such as tHak-sharing hierarchy. The goal is then to (1) satisfy the service
various PFQ algorithms, that not only provide the same servicerves of all classes simultaneously, and (2) distribute the excess
curve guarantees as Virtual Clock but also achieve fairness.skrvice fairly as defined in Section 11-B. Note that (1) is a gen-
PFQ algorithms, each session is associated with a virtual tieml requirement that subsumes both link-sharing and real-time
function that represents the normalized amount of service tipgrformance goals. A real-time session is just a leaf class in the
has been received by the session. A PFQ algorithmthen achidviesarchy, and its performance will be automatically guaranteed

g. Fair Service Curve Link-Sharing Model
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Fig. 4. An example illustrating why it is not possiblegaarantee the service curves of all the classes in the hierarchy. (a) The hierarchy and the service curves of
each class. (b) The service received by each session when sessions 2, 3, and 4 become actl¥esastion 1 becomes active at time
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if the Fair Service Curve link-sharing model is realized. gorithm should approximate as closely as possible. We believe

Unfortunately, with non-linear service curves, there are tinigat a scheduler should guarantee the service curves éahe
periods when either (a) it is not possible to guarantee the servitsses at all times while minimizing the discrepancy between
curves of all classes, or (b) it is not possible to simultaneoughe actual service allocated to each interior class and its fair
guarantee both the service curves and satisfy the fairness p&gsvice according to the model.
erty.

To see why (a) is true, consider the hierarchy in Figure 4(a).
For simplicity, assume the service curve assigned to an interioin this section, we propose a new scheduling algorithm called
class is the sum of the service curves of all its children. AlsbBlierarchical Fair Service Curve (H-FSC) that closely approxi-
assume all sessions are continuously backlogged from timariates the ideal Fair Service Curve link-sharing model as defined
except session 1, which is idle durif@ t] and becomes back- in the previous section.
logged at timg. During (0, ¢], since session 1 is not active, its
entire service is distributed to session 2 according to the link- Overview of the Algorithm
sharing semantics. Attime t, session 1 becomes active. In ordethe scheduling in H-FSC is based on two criteria: rebe-
to satisfy session 1's service curve, at leggiAt) service needs time criterionthat ensures the service curves of all leaf classes are
to be allocated for session 1 for any future time inte(Val+At].  guaranteed, and ttiek-sharing criterionthat aims to satisfy the
However, as shown in Figure 4(b), since the sum of all the s@grvice curves of interior classes and fairly distribute the excess
vice curves that need to be satisfied during + At] is greater pandwidth. The real-time criterion is used to select the packet
than the server's service curve, it is impossible to satisfy @Jhly if there is a potential danger that the service guarantees for
the service curves simultaneously during this interval. Since|ihf classes are violated. Otherwise, the link-sharing criterion is
the context of service-curve-based schedulers, decoupling delg¥d. Such a policy ensures the service curve guarantees for the
and bandwidth allocation is equivalent to specifying a non-linepiaf classes while at the same time minimizing the discrepancy
service curve, this result translates into a fundamental confligdtween the actual services received by interior classes and those
between link-sharing and real-time service when the delay agifined by the ideal Fair Service Curve link-sharing model.
bandwidth allocation is decoupled. InH-FSC, each leaf classnaintains atriplete; , d;, v;), while

To see why (b) is true, consider the example in Figure 3 aga@ach interior class maintains only the parameter. ¢; andd;

As shown in Figure 3(d), if fairness is to be provided, the servigepresent the eligible time and the deadline associated with the
curve of session 2 will be violated, i.evp(t) < S2(t — t0), for  packet at the head of clags queue, and; is the virtual time
some > to. Thisisbecause aftég both sessions receive serviceassociated with class The deadlines are assigned such that if
at a rate proportional to their slope, and since immediately aftae deadlines of all packets of a session are met, its service curve
timet, their slopes are equal, each of them is served at a ratdfjuaranteed. The eligible times are used to arbitrate which one
1/2, which is smaller thay, the service rate required to satisfyof the two scheduling criteria to use for selecting the next packet.
Sa(-). The packet at the head of sessitmqueue is said to be eligible

Therefore, there are time periods when the Fair Service Cuifre; < ¢, wheret is the current time. Eligible times signal when
link-sharing model cannot be realized. In spite of this, the modeglere is a potential conflict between link-sharing and real-time
serves two purposes. First, unlike previous models, this modelals. When there are eligible packets in the system, there is a
explicitly defines the situations when all performance goals camsn-zero probability that the deadline of at least one packet is
not be simultaneously satisfied. This exposes the fundamemwialated if the link-sharing instead of the real-time criterion is
architecture tradeoff decisions one has to make with respecus®ed. Since the real-time goal is more important, whenever there
the relative importance among the conflicting performance goase eligible packets, the algorithm uses the real-time criterion
Second, the model serves as an ideal target that a schedulingoakelect among all eligible packets the one with the smallest

[ll. HIERARCHICAL FAIR SERVICE CURVE (H-FSC)



link-sharing criterion, and yet, it can support both link-sharing
and real-time services. This is because H-PFQ guarantees only
linear service curves, and it is feasible to guarantee all linear
service curves simultaneously in a class hierarchy. In contrast,
H-FSC supports priority, i.e., decoupled delay and bandwidth
allocation, by guaranteeing non-linear service curves. As we
have shown in Section Il, it is in general infeasible to guarantee

receivepacket(s, p) /+ session i has received packet p
enqueudqueue;, p);
if (not active(s)) /* i was passive:/
update_ed(i, null, p); /* updateE;, D;, compute:;, d; */
update.v(i, p); /* updateV;, its ancestors; computg */
setactive(s); /* marki and its ancestors active/

getpacket() /x get next packet to send all non-linear service curves simultaneously in a class hierarchy.
if (not active(root))return; Consequently, H-FSC uses two separate criteria for each of the
/* select by real-time criterion/ link-sharing and real-time goals, and employs the mechanism of
i = ming; {j | leaf(j) A active(j) A (e; < current_time)}; eligible time to determine which criterion to use. Second, the
if (existg()) algorithm uses three types of time parameter: deadline, eligi-
p =dequeudquecue;); ble time, and virtual time. While leaf classes maintain all three
update.v(i, p); /+ update virtual timex/ parameters, the interior classes maintain only the virtual time
if (not empty (queue;)) parameter. This is because deadlines and eligible times are used
updateed(i, p, head(queue;)); for the purpose of guaranteeing the service curves, and H-FSC
else provides service curve guarantees only for leaf classes. On the
setpassivéi); /« marki and its ancestors passiv¢  other hand, virtual times are used for the purpose of hierarchical
else/x select active session by link-sharing criterigf link-sharing that involves the entire hierarchy, and therefore are
i = root; maintained by all classes in the hierarchy. Note that although in
while (not empty(ActiveChildrei:))) H-FSC virtual times are computed based on the classes’ service
i =min,; {j € ActiveChildren(i)}; curves to achieve fairness and hierarchical link-sharing, H-FSC
p =dequeudqucuc;); can potentially use other policies to distribute the excess service.
update_v(, p) We choose to use the same curve for both the real-time and link-
if (not empty(queue;)) sharing policies for its simplicity. The same tradeoff was made
updated(i, p, head(queue;)) /+ updated; only+/ by many of the previous fair queueing algorithms [2], [6], [9],
else [11], [13]. A third point to notice is that while all three parame-
setpassivéi); /« marki and its ancestors passiv¢  ters are time values, they are measured with respect to different
send packet(p); clocks. Deadlines and eligible times are measured in wall-clcok

, . . . . . time. In contrast, the virtual time of a class is measured with
Fig. 5. The Hierarchical Fair Service Curve (H-FSC) algorithm. The h | f . ived by the cl d
ceivepacketfunctionis executed every time a packetarrivesgiepacket respect to the to_ta a_moum o serwc&rewg y t_ € class ‘_"‘n_
function is executed every time a packet departs to select the next pack&@oonly the relative differences between virtual times of sibling
send. classes are important.
Finally, in addition to the advantage of decoupling delay and

deadline. At any given time when there is no eligible packet, tR@ndwidth allocation by supporting non-linear service curves,
algorithm applies the link-sharing criterion recursively, startin'd":SC provides tighter delay bounds than H-PFQ even for class

from the root and stopping at a leaf class, selectirgpah level hierarchies with only linear service curves. The key observation
the class with the smallest virtual time. While deadline arfg that in H-PFQ, packet scheduling is solely based on the link-

eligible times are associated only with leaf classes, virtual timeldaring criterion, which needs to go recursively from the root
are associated with both interior and leaf classes. The virtG4#SS 10 @ leaf class when selecting the next packet for transmis-
time of a class represents the normalized amount of service tg- The net effect is that the delay bound provided to a |eaf
has been received by the class. In a perfectly fair system, flass increases with the depth of the leaf in the hlerarchy [1].. In
virtual times of all active sibling classes at each level in tHePntrast, in H-FSC, the delay bound of a leaf class is determined

hierarchy should be identical. The objective of the Iink-sharir%{: the real-time criterion, which considers only the leaf classes.
criterion is then to minimize the discrepancies between virtuierefore, the delay bound s independent of the class hierarchy.

times of sibling classes. The pseudo code of H-FSC is givené'n
Figure 5. A leaf class is said to laetiveif it has at least one
packet enqueued. An interior clasaiiveif at least one of the  In this section, we present the algorithm to compute the dead-
leaf classes among its descendents is active. Otherwise a clasésand the eligible time for each leaf class.
said to bepassive In computing the eligible time, the deadline, For each leaf class the algorithm maintains two curves, one
and the virtual time, the algorithm uses three curves, one for each time parameter: the eligible curig(a?; -) and the
each parameter: the eligible curi, the deadline curvé; , deadline curveD; (a¥; -), wherea’ represents the beginning of
and the virtual curvé/;. The exact algorithms to update theséhe k-th active (backlogged) period of class In addition, it
curves are presented in Sections III-B and 11I-C. keeps a variable;, which is incremented by the packet length
There are several noteworthy points about this algoritheach time a claspacket is selected using theal-time criterion
First, while H-FSC needs to use two packet selection criteriaThus ¢; represents the total amount of service that the class
support link-sharing and real-time services, Hierarchical Packets received when selectadder the real-time criterion. Like
Fair Queueing (H-PFQ) [1] selects packets solely based on B€ED, the deadline curvB; (af; -) is initialized to its service

Deadline and Eligible Time



update_ed(i, p, next_p) minimize the deviation from the ideal FSC link-sharing model,
static a: o we want to serve packets using the real-time critedioly when
if (not active(s)) there is a danger of violating the guarantees for leaf classes in

/+ session i becomes activg thefuture. _ _
0 = current _time: InH-FSC, eligible times are used to arbitrate which one of the

update_DC(i, a); /* update deadline curv®; (Eq. (7))x/ WO scheduling criteria is to be applied to select the next packet.
update_EC(i, a); /+ update eligible curve; (Eq. (11))«/ 10 9ive more insight on the concept of eligibility, I&t(t) be

if (p! = null) the minimum amount of service that alttive sessions should
¢i = ¢; + length(p); receive by time, such that irrespective of the arrival traffic, the
/+ update deadline (E,q. @y aggregate service time required by all sessions during any future

time interval(¢, ¢'] cannotexceedR x (¢’ — t), whereR is the
server capacity. Note that this is a necessary condition: if the
active sessions do not receive at |gfagt) service by time, then

(@ there exists a scenario in which the service curve of at least one
session will be violated in the future. Intuitively, the worst case
scenario occurs wheall sessions are continuously active after
time¢ [18]. Because the aboverdition holds for any future

d; = D»_l(a; ¢; + length(next_p));

K3

ei = E7a; ¢;); /* update eligible time /

update d(, p, next_p)
d; = Di_l(a; ¢; — length(p) + length(next_p));

(b) timet’, we have

Fig. 6. (a) The function which updates the deadline and the eligible curves,

and computes the deadline and the eligible time for each leaf class (session).

Note that the eligible and the deadline curves are updated only when thé/(t) = Z D;(a;; t) (8)

session becomes active. (b) The function which updates the deadline, when i€A(t)

the session has been served by the link-sharing criterion. This is because

the new packet at the head of the queue may have a different length. ax( Z Clz : - D (ai; t))

TEA(t

curve S;(+), and is updatee@ach time sessiohbecomes active + Z Di(t;t)) — Rx (¢ — )]
at timea? according to ieP(t

o Eo1. & & wherea; represents the last time, no larger thawhen session
Diag;t) = min(Di(a; ™% 1), Si(t = a7) + eifai)), i became actived(t) denotes the set ofgactive sessions at time
t>ai.  (7) ¢ P(t) denotes the set of passive sessions at timend [+]*
denotes maje, 0). The above equation reads as follows. In
the worst case, all active sessions continue to remain active up
T%g{ timet’, and all passive sessions become |mmed|ately active

Here we use; (a¥) to denote the total serviteeceived by class
i by the real- tlme criterion at time?. Sincec; doesnotchange
when a session receives service V|athe link-sharing criterion
deadlines of future packets are not affected (see Figure 6).

is the essence of the “non-punishment” aspect of the fa|rm? ;

Simet and remain active during the entire interyalt’]. A
esult the maximum amount of service required over the in-
property val (¢, t ] by the sessions that are aIready active at tine

' ;#EA #(Di(ai;t') — Dj(ai; t)), while the maximum amount of

While deadlines are used to guarantee service curves of |
classes, eligible times are used to arbitrate which one of he oo requwed by the sessions that are passive up to tires
9 %h%samemterval B ep (Di(t; 1) — Di(t;1)). Since all ses-

two scheduling criteria is used to choose the next packet h , ¢ d
service. The key observation is that with non-linear serviGkons together can rece|ve at mésk (¢’ — ) of service during
e interval(z, ¢'], and since by time the active sessions should

curves, sometimes it is not possible to achieve perfect i Al
sharing and guarantee all service curves at the same time. nh Ne recelved at leagzeA(t) Di(a;; 1) in order to satisfy their
serwce curves, the above equation follows.

typical situation is when a sessiowith a concave service curve Thus. (1 h ¢ ice th
becomes active a’, joining sessions that have convex serwceh IL(Iij (t )” reprezentsht € m'|n|mum nglént; sgrch that
curves. Before sessiohjoins, the other sessions receive thghou'd be a qcatg to the active sessions by irsing the
excess service, but their deadline curves are not updated. whea|-time criterioniin order to guarantee the service curves of all
session becomes active, if the sum of the slopes of all acti essions in the future. The remaining (excess) service can be

sessions’ deadline curves at tinis larger than the server’s rate,a located by the “nk'ShafIOQ crl'tenor']. Fgrthermore, it can be
it is impossible to satisfy the service curves of all sessions. shown thatthe SCED algorithmis optimal in the sense that it can

The only solution is to have the server allocates .‘enougguarantee the service curves of all sessions by allocating exactly

service in advance to active sessions by the real-time criteri \ﬁ‘é) o:] servmtla dtoh thebactlve T’GSS'OHS by time fA possible
such that the server has sufficient capacity to satisfy the ser orithm would then be simply to allocaf&(t) of service to

curves of all sessions when new sessions become active ng_ive sessions by the real-time criterion, and redistribute the
ever, whenever a packet is served using the real-time criter ess seryipe accordingto the Iink-shar.ing criterion. The major
despite another packet having a smaller virtual time, there i§ gllenge inimplementing such an algorithm is computitig

departure from the ideal link-sharing distribution. Therefore, '|ciently. Unfqrtunately, this is difficult for several reasons.
P ¢ irst, as shown in Eq. (8);(¢) depends not only on the deadline

2Note that Eq. (7) is the same as Eq. (3), exceptt¢hit used instead of ;. curves of the active sessions, but also on the deadline curves of



the passive ones. Since according to Eq. (7), the deadline ciipdate-v(, p)

of a session depends on the time when the session become¥atica;

active, this means that we need to keep track of all these possiblé = Parent(:);

changes, which in the worst case is proportional to the numberf (not active(:)) _

of sessions. Second, even if all deadline curves are two-piece ¢ = current time; /«classi becomes active/

linear, the resulting curve (¢) can ben piece-wise linear, which ~ vi = max(vi, v, )5 /x v, = (minie activeC hitdren (n) (i) +
is difficult to maintain and implement efficiently. Therefore, Wé"WiEActiveChildren(n)(vi))/z */ _
choose to trade complexity faccuracy, by overestimatirfg(t). update VC(:); /+ update eligible curvey; by Eq. (12)«/
The first step in the approximation is to note that if session  If (active(n))
becomes active at timte we have (see Eq. (7)): retumn;

else/xclassi is already activex/

Di(t;t") — Di(t;t) < Si(t' —t), t' > t. 9 w; = w; + length(p);
v; = V_l(a; w;);

By using this inequality and the fact that, S;(t) < R x t, for if }%O T
anyt, the below derivation from Eq. (8) follows (7 o1

E@t)= Y Dj(a;t)

update.v(n, p);

i€A(t) Fig. 7. The function which updates the virtual time curves and the virtual times
Hmax( > (Diasit') — Di(asi 1)) (1o ~"EE
t'>t
i€ A(t)
+ Z (Di(t;¥) — Di(t;1)) — R x (' — )] to understand as the minimum service rate required by a session

with a concave service curve will not increase in the future, thus

i€P(t) ! . . e
there is no need to provide future service for it. Similarly, for a

< D Dilast)+ [max( Y (Diai;t") = Di(aist))  session with a two-piece linear convex service curve (first slope
PEA(t) i€A(t) a, second slopg, wheres > «), the eligible curve is the linear
+ Z Si(t' —t) — Rx (t' —))]* curve with the slope of.
i€P(t) C. Virtual T
< Y Diast) 4 Imax S (Dilasit) — Difasy) e e
10 B>t 10 The concept of virtual time was first proposed in the context
of Packet Fair Queueing (PFQ) and Hierarchical Packet Fair
+ Z Sit' =) = Z Si(t' = )" Queueing (H-PFQ) algorithms to achieve fairness, real-time,
ieP() ieAtUP() and hierarchical link-sharing. In H-FSC, we use a generalized
= Z Di(a;;t) + [ma>( Z (D;(a;;t") — D;(a;;t)  version of virtual time to achieve hierarchical link-sharing.
ieA(t) vt i€A(t) Each Fair Queueing algorithm maintains a system virtual time
—Si(t =0T v* ()[9]. In addition'it assqci.ates't@ach sessiohg'virtual start
, time s;(-), and a virtual finish timef;(-). Intuitively, v*(t)
< Y. (Dilast)+ (max(Ds(ai; ¢') — Dilai;t) represents the normalized fair amount of service timeehah
iEA(t) session should havesceived by timet, s;(¢) represents the
=St —tN]T). normalized amount of service that sessitias received by time
t, andf; (t) represents the sum betwesit) and the normalized
Finally, we define the session’s eligible curve to be service that session should eceive when the packet at the
Ei(ait) = Di(a;:t) + [max(Di(a;: t') — Dy (ait) heaq of its queue i§ seryed. Sirx;@t) keeps track of the seryice
t>t received by sessiarby timet, s; (¢) is also called the virtual time

—Si(t' —t))]t, t>a;, (11) ofsession,and alternatively denoted(t). The goal of all PFQ
algorithms is then to minimize the discrepancies amaitt’s
where againe; represents the time when sessiobecomes andv*(¢). In a H-PFQ system, each class keeps a virtual time
active. The eligible curve?;(a;;t) determines the maximum function and the goal is to minimize the discrepancies among the
amount of serviceaceived by sessionat timet by the real- virtual times of all sibling classes in the hierarchy. Various PFQ
time criterion, when sessians continuously backlogged duringalgorithms differ in two aspects: the computation of the system
(ai,t]. Since) ;¢ 4 Eilaist) > E(t), we have a sufficient virtual time function, and the packet selection policy. Examples
condition. ;(+; ) is updated every time sessibbecomes active of system virtual time functions are the virtual start time of the
by the functiorupdate EC according to Eq. (11) (see Figure 6) packet currently being served [11], the virtual finish time of the
It is important to note that even though the formula, which gacket currently being served [9], and the minimum between the
applicable to algorithms with service curves of arbitrary shapesrrent value of a linear function that advances at the server's
looks complicated the eligible curves are actually quite simplate, and the smallest of the virtual start times of all packets
to compute in the specific cases that we are interested in. Bothe heads of currently backlogged queues [1]. Examples of
example, for a session with a concave service curve the eligiplcket selection policies are Smallest Start time First (SSF) [11],
curve is the same as the deadline curve. Intuitively this is eaSgnallest Finish time First (SFF) [9], and Smallest Eligible Finish
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time First (SEFF) [2], [17]. The choice of different system virtual»g 1
time functions and packet selection policies affects the real-timé&
and fairness properties of the resulting PFQ algorithm. e R

Similar to H-PFQ, for each classin the hierarchy, H-FSC

\
maintains a virtual time functiom; (¢) that represents the nor- m }
\
\

service

malized amount of service that clasfias received by time.

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

distribute service among the hierarchy according to classes’ ser- Xi =4

vice curves. The link-sharing criterion is used to select the next @ (b)

packet only when the real-time criterion is not used. Since the The service curve associated with a sessid characterized by its

real-time guarantees for leaf classes are ensured by the real- tlr%ﬁ]axmum delay™a=, maximum unit of work "2+, and average rate;.

criterion, the effect on performance by having different system (a) If umez /qma® > 1, the service curve is concave; (b) otherwise, it is

virtual time functions and packet selection algorithms in the link- convex.

sharing criterionis less critical. In H-FSC we use the SSF policy

and the system virtual time functiafi = (v; min + vi mac)/2,

wherev; min andu; 4, are the minimum and the maximumas the one described in [16], or a calendar queue [3] for keeping

virtual start times among the active children of clasBy doing track of the eligible times in conjunction with a heap for main-

s0, we ensure that the discrepancy between the virtual timed@fing the requests’ deadlines. While the former method makes

any two active sibling leaf classes is bounded (see Section )possible to perform insertion and deletion (of the eligible re-

It is interesting to note that setting to eithery; i, Of v; ;a, duest with the minimum deadline) i@(logn), wheren is the

results in a discrepancy proportional to the number of s,b“,wmber of active sessions, the latter method is slightly faster on

classes. average. The link-sharing requests are stored in a heap based on
In H-FSC,v; (t) is iteratively computed by using the previougheir virtual times.

virtual time function and the class’ service curve. Virtual times Besides maintaining the request data structures, the algorithm

are updated when a packet starts being serviced or a classhas-to compute the various curves, and update the eligible time,

comes active. The functiampdate.v for this purpose is shown the deadline, and the virtual time. While it is expensive to

in Figure 7. Notice thatipdate_v recursively updates the vir- update general service curves, in practice the complexity can

tual times and the virtual curves in the hierarchy by followinbe significantly reduced by considering only piece-wise linear

child-parent links till it eaches the root or a parent class that @irves.

already active. Up to this point, our results apply to classes with general
In the algorithm, we actually maintain a virtual curVg the  non-decreasing service curves. However, for simplicity, in our
inverse function of;;, instead ob;. When class becomes active jmplementation we consider concave and convex service curves
for the first time,V; is initialized to's service curves;(-). Vi only. Each sessionis characterized by three parameters: the
is then updated by using thipdate VC function every time the |argest unit of work, denoted*", for which the session requires
class becomes active at tima, the beginning of thé-th active  delay guarantee, the guaranteed del#y”, and the session’s

period, based on the following formula average rate;. As an example, if a session requires per packet
. — . . . delay guarantee, thes*** represents the maximum size of a
Vilai';v) = min(Vi(a; ™5 v), 5i(v — vy (a7)) + wilai)), packet. Similarly, a video or an audio session can require per

v > vl (d¥), (12) frame delay guarantee, by settisig*® to the maximum size of a
P frame. The session’s requirements are mapped onto a two-piece
wherewl( %) is the total amount of serviceceived by class linear service curve, which for computation efficiency is defined
by time a¥, both by the link-sharing and the real-time crlteneby the following three parameters: the slope of the first segment
whilev; Z)( ¥} is the system virtual time associated to the parent;, the slope of the second segmenf, and thez-coordinate
of class:.” Note that we use instead of in the above equation of the intersection between the two segmentsThe mapping
to reflect the fact thai; is a function of the virtual time. Finally, (u"*", d*", r;) — (m}, z;, m?) for both concave and convex
it is worth noting that wherS (+) is a straight line with slope;, curves is |Ilustrated in Figure 8.
from Eqg. (12) we havé/( ;v) = rv. Then, the virtual time |t can be easily verified from Eq. (7) that any deadline curve
v; is simply V =Y(a¥; w;) = wz/m, which is exactly the virtual that is initialized to a service curve of one of the two types
time of sessiorni in PFQ algorithms. discussed above remains a two-piece linear service curve after
eachupdate operation. It is worth noting that although all two-
piece lineaiconcavecurves exhibit this nice property, this is not
The functionsreceive packet and get packet described in true for all two-piece linear convex curves. In fact, it can be
Figure 5 are called each time a packet arrives or departs. In sbhown that only two-piece linear convex service curves which
current implementation we maintain two requests per sessitiaye their first segment parallel to theaxis have this property.
one characterized by the eligible time and deadline, called tBance the first segment of a deadline curve does not necessarily
real-time requestand the other characterized by the virtual timentersect the origin, we need an extra parameter to uniquely
called thdink-sharing requestFor maintaining the real-time re- characterize a deadline curve. For this purpose we usg-the
guests we can use either an augmented binary tree data struataocedinate of the intersection between the two segments and

IV. | MPLEMENTATION ISSUES ANDCOMPLEXITY
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update.DC(3, a) H-FSC, the se'rvice curves are guaranteed to within the size of a
it (o} > md) and (¢; +vF — i > m?x (a4 af —2))  PECKELOTmEIMUMIendtn ot the dead
/% D; concave and intersect (t — a) + c; */ ~ Theorem 2:The H-FSC algorithm guarantees that the dead-

temp = y; — mZz;; /+ compute intersection poiny line of any packgt is not mlsseq by more than,,., yvherefmax

zi = (¢; — mba — temp)/(m? — mb); repre;ents the time to transmit a packet of maximum length.

i = mz; + temp, Unlike H-PFQ, the delay bound of H-FSC doest depend

! on the number of levels in the hierarchy. This is simply because

else
2= a+ 25 the computation of the deadlines are based on the service curves
y,Z =+ yls'. of the leaf classes only, and packet selection using the real-time

Fig. 9. The function which updates the deadline cufvg « respresents the criteria is mdependent of the hleramhy s.trUCture'
time when the session becomes activés the amount of service thathas N€Xt, Theorem 3 characterizes the fairness of H-FSC for leaf

been received by sessiérby the real-time criterion,z; andy; are the classes, by giving a bound on the discrepancy between the actual
coordinates of the inflexion point of the deadline curve, whifeandv®  service distribution and the ideal link-sharing model.
h i f the inflexi iNtSf(-). . )
are the coordinates of the inflexion pointf(-) Theorem 3:In H-FSC, the difference between the virtual
times of any two sibling leaf classes that are simultaneously

denote ity;. The pseudocode for updating a deadline curve @tive is bounded by a constant.
presented in Figure 9. The only parameters that are modifiedrom the theorem, the following corollary immediately fol-
are the coordinates of the segments intersection pgiandy;; |Ows:
the slopes of the two segments} andm?, remain unchanged.
The deadline curve, as well as the virtual and eligible curves,Garollary 1 In H-FSC, for any two sibling leaf classésand j
updatedonly when the state of a session changes from passibat are continuously active during a time internval, ¢5], the
to active. As long as the session remains active, no curves néatbwing holds,
to be updated. , s — (vs s
The update operation of the virtual curve is performed by | (ilt) = vilta)) = (vj(t2) = v (ta)) [< B, 13)
update_VC. Since this function is very similar topdate. DC where B depends on the characteristics of the service curves of
— the only difference is that instead of usinganda, we use Sessiong andj.
the total servicev; and the virtual tim@;(i) , respectively — we
do not show it here. In other words, the difference between the normalized service
Although from Eq. (11) it appears that the computation of théme that each sessiohasuld receive during the intervats, ¢,]
eligible curve is quite complex, it turns out that it can be dorig bounded. It can be easily shown that when the service curves
very efficiently in our case: if the deadline curve is concavépr classes andj are linear,B reduces to the fairness metric
then the eligible curve simply equals to the deadline curve; if thiefined by Golestani [9].
deadline curve is two-piece linear convex, then the eligible curveUnlike the discrepancy between two sibling leaf classes which
is simply a line that starts at the same point as the first segmgnbounded by a value that depends on service curves associated
of the deadline curve, and has the same slope as the deadkiite classes: and j only, in the case of two interior sibling
curve’s second segment. classes, this discrepancy dependsabrsessions in the system.
Thus, updating the deadline, eligible and virtual curves takghis is because the scheduler uses the real-time criterion when-
constant time. Computing the eligible time, deadline and vigver a session is eligible, independent of the position of the
tual time reduces to the computation of the inverse of a tweession in the hierarchy. Thus, the bound for the discrepancy be-
piece linear function, which takes also constant time. Cons@reen two interior classes increases with the number of sessions
quently, H-FSC take®)(logn) to execute per packet arrival orin the system. To reduce this discrepancy, a possible solution is
packet departure, which is similar to other packet schedulinguse the global eligible curv&, computed by Eq. (8), instead

algorithms [1]. of the individual sessions’ eligible curves. However, as dis-
cussed in Section I11-B, this increases the complexity of H-FSC.
V. DELAY AND FAIRNESS PROPERTIES OFH-FSC How much we can reduce the discrepancy and how to reduce the

In this section, we present our main theoretical results on tb@mplexity of computing? are topics of future research.
delay and fairness properties of H-FSC. The proofs can be found
in [18]. For the rest of the discussion, we consider ahéval
time of a packet to be the time when the last bit of the packet hasNe have implemented H-FSC in a simulator and in the ker-
been received, and tldepartingtime to be the time when thenel of NetBSD 1.2 on the Intel i386 architecture. We use a
last bit of the packet has been transmitted. calendar queue in conjunction with a heap to maintain the real-

The following theorem shows that by computing the deadliriene requests, and a heap at each interior class to maintain the
of each packet based @n, as defined by Eq. (7), we can indeedink-sharing requests. The simulator and the NetBSD imple-

VI. PERFORMANCEEVALUATION

guarantee the service curge of session. mentation share basically the same code. The only difference
Theorem 1:The service curve of a session is guaranteediff that in the NetBSD implementation, we use the CPU clock
each of its packets is tran#ted before its deadline. cycle counter provided by the Intel Pentium Pro processor as

The next theorem gives a tight delay bound for H-FSC. kfine grain real-time clock for eligible time and deadline ma-
conjunction with the previous theorem, this result shows that,mipulations. In NetBSD, besides the scheduler, we have also
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implemented a packet classifier that maps IPv4 packets to the Fig. 12. Bandwidth distribution among four competing sessions.
appropriate classes in the hieraréhy.

We evaluate the H-FSC algorithm using both simulation and
measurement experiments. The experiments are performed oRigure 11 shows the delay distribution for the audio and video
a 200 MHz Intel Pentium Pro system with 256 KB on-chip L2essions under H-WR+ and H-FSC. Clearly, H-FSC achieves
cache, 32 MB of RAM, and a 3COM Etherlink Il ISA Ethernetmuch lower delays for both audio and video sessions. The
interface card. We instrumented the kernel such that we aaluction in delay with H-FSC is especially significant for the
record alog of events (such as enqueue and dequeue) with tiengdio session. This is a direct consequence of H-FSC's ability to
stamps (using the CPU clock cycle counter) in a system memeigcouple delay and bandwidth allocation. The periodic variation
buffer while the experiments are running, and later retrieve threthe delay, especially under H-\&®+ , mirrors the periodic
contents of the log through aiectl  system call for post- activity of the ON-OFF source. H-WH+is more sensitive
processing and analysis. In the rest of this section, we presgnthese variations due to the coupling between bandwidth and
results to evaluate H-FSC's performance in three aspects: d&)ay allocation. Intuitively, when the ON-OFF source becomes
H-FSC’s ability to provide real-time guarantees, (2) H-FSCictive, the number of packets from competing sessions that an
support for link-sharing, and (3) the computation overhead afidio or video packet has to wait before receiving service almost

our implementation of the algorithm. doubles and the delay increasascordingly? On the other
. hand, H-FSC ignores the class hierarchy in satisfying the delay
A. Real-time Guarantees requirements. Therefore, when the ON-OFF session becomes

We use simulation to evaluate the delay properties of H-F&¢tive, the number of additional packets from competing sessions
because we can have better control over traffic sources in ffe@udio or video packet has to wait before being transmitted
simulator. We compare H-FSC to H-\R®+, which, to the best Increases by less than 20 % because the bandwidth of the ON-
of our knowledge, achieves the tightest delay bounds among@ffF session accounts for only 18 % of the total bandwidth.
hierarchical packet fair queueing algorithms [1]. ] .

Consider the two-level class hierarchy shown in Figure 18: Link-sharing

The value undeeach class represents the bandwidth guaranteedyo evaluate H-FSC's support for link-sharing, we conduct the
to that class. In our experiment, the audio session sends }§fhwing experiment using our NetBSD/i386 implementation
byte packets every 20 ms, while the video session sends 8 KBthe platform.

packets every 33 ms. All the other sessions send 4 KB packetgye set up a class hierarchy similar to the one in Figure 10

and the FTP session is continuously backlogged. except that there are only 4 sessions at each level. The sessions
To demonstrate H-FSC's ability to ensure low delay for real |evel one all have bandwidth reservation of 1.5 Mbps, and the
time connections, we target for a 5 ms delay for the audio s@gssjons at level two have bandwidth reservations of 80 Kbps,
sion, and a 10 ms delay for the video session. To achieve thggg Kbps, 1.44 Mbps and 2 Mbps respectively. The total aggre-
objectives, we assign to the audio session the service cugée bandwidth reservation is 10 Mbps — Ethernet’s theoretical
Se = (ug®” = 160 bytesdy*” = 5msr, = 64KbpY, maximum throughput. All sessions are continuously backlogged
and to the video session the service cusie = (ui"*" = except for the 2 Mbps session which is an ON-OFF source. The
8 KB, d;"*" = 10 msr, = 2Mbps. Also, in order to pass the traffic load is generated by a self-timed user-level program that
admission control test, we assign to the FTP session the serdggds upp packets of size 512 bytes for each session at the re-

curve Sprp = (uptp = 4 KB, dpfp = 16.25mMsrrrp =  quired rates. Figure 12 shows the bandwidth vs. time graph for
5 Mbpg. The service curves of all the other sessions and classes
are linear. 4Because the bandwidth of the ON-OFF session accounts for 40 % of the total

bandwidth of class A, when the ON-OFF session becomes active, the number of
3This implementation is now publicly available for both NetBSD and FreeBSpackets of class A that have deadlines within a time interval also increases by
athttp://www.cs.cmu.edu/"hzhang/HFSC/ . approximately 40 %.
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Fig. 11. Delay for audio and video sessions.

four sessions at level 2 in the hierarchy. To compute the bamdentation, the results also reflect the overhead in the NetBSD
width, a 37.5 ms averaging interval is used for all sessions excapplementation.

that a 60 ms interval is used for the 80 Kbps session due to its

low packet rate. As can be seen, when the 2 Mbps ON-OFF sesh all experiments presented in this section, we measure (1) the
sion is idle, its bandwidth is fairly distributed to the other thregverage enqueue time, (2) the average dequeue time for selecting
competing sessions, while when all sessions are active, theyaaacket by both the link-sharing and the real-time criteria, and

received their guaranteed rates. (3) the average per packet queueing overhead, which is the total
. overhead of the algorithm divided by the number of packets
C. Computation Overhead forwarded. In each case, we compute the averages over the

There are generally three types of computation overhead fime interval between the transmission of the 10,00Gnd
volved in our implementation of H-FSC: packet classificatioiie 20,000th packet to remove the transient regimes from the
enqueue, and dequeue. beginning and the end of the simulation.

We first measure the packet classification overhead in our
NetBSD/i386 implementation. To reduce the overhead of packetin the first experiment, we use one level hierarchies where the
classification, a hashing-based algorithm is used. As a resulimber of sessions varies from 1 to 1000 in increments of 100.
under light load, only the first packet of a class incurs the coBbe link bandwidth is divided equally among all sessions. The
of full classification. Subsequent packets from this class araffic of each session is modeled by a two state Markov pro-
classified based on the class’s hash values. While the worst-caegs with an average rate of 0.95 of its reserved rate. As shown
overhead in our implementation increases with the numberionfFigure 13(a), enqueue and dequeue times increase very little
classes in the hierarchy, the average time to classify a pacistthe number of sessions increases from 100 to 1000. This
based on hashing is abou:8. is to be expected as H-FSC has a logarithmic time complexity.

To measure the enqueue and dequeue overhead, we rurBged on the average per packet queueing overhead, we can es-
simulator in single user mode on a 200 MHz Pentium Pro sy#mate the throughput of our implementation. For example, with
tem with 256 KB L2 cache and 32 MB of memoryming 1000 sessions, since the average per packet queueing overhead
the unchanged NetBSD 1.2 kernel. Since essentially identimbhpproximately 9:s, adding the s steady-state packet clas-
code is used in both the simulator and the NetBSD kernel impkfication overhead, we expect our implementation to be able to
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forward over 83,000 packets per secénd. eral scheduler. The link-sharing scheduler decides whether to

In the second experiment, we study the impact of the numbregulate a class based on link-sharing rules and mark packets
of levels in the class hierarchy on the overhead. We do this dfregulated classes as ineligible. The general scheduler serves
keeping the number of sessions constant at 1000 while varygligible packets using a static priority policy.
the number of levels. We consider three hierarchies: one-levelThe key difference between H-FSC and CBQ is that H-FSC is
two-level with 10 internal classes, each having 100 child classdgsigned using a formal approach. By presenting a formal model
and three-level with each internal class having 10 child class#sat precisely defines all the important goals of link-sharing, real-
As shown in Figure 13(b), the enqueue and dequeue times as weik, and priority services, we expose the fundamental tradeoffs
as the average per packet queueing overhead increase lindaetyveen conflicting performance goals. This enables us to de-
with the number of levels. Again, this is expected since easlgn an algorithm, H-FSC, that not only provides better and
additional level adds a fixed overhead for updating the virtustronger real-time guarantees than CBQ, but also supports more
times in the hierarchy which, in our case, dominates the varialalecurate link-sharing service than CBQ. In gigah, H-FSC of-
overhead that is logarithmic in the number of child classes fars much stronger protection among traffic classes than CBQ
each level. when priority is supported.

Finally, we consider the case when all sessions are continfor real-time services, H-FSC provides per session delay
uously backlogged. The average enqueue time in this casdédsind that is decoupled from the bandwidth requirement while
very small (less than.8 is) as a packet arriving at a non-emptyCBQ provides one delay bound for all real-time sessions shar-
gueue is just added at the end of the queue without invokimgy the link. In addition, the delay bound provided by CBQ
any other processing by the algorithm. However, both typesadcounts only for the delay incurred by the general scheduler,
dequeue times increase accordingly. This is because whenéwgmot the delay potentially incurred by the link-sharing sched-
a packet arrives at an empty queue or a packet is dequeued,uberr. Since a traffic stream that is smooth at the entrance to the
algorithm moves the real-time requests that have become eligibégwork may become burstier inside the network due to network
from the calendar queue into the heap. Since in this experimeloiad fluctuations, the link-sharing scheduler for a router inside
all sessions are backlogged, this cost is charged to the dequiigenetwork may regulate the stream. With certain regulators
operations only. Nevertheless, the average per packet queusingh as those defined in [8], [21], this regulation delay does not
overhead changes little. For the flat hierarchy with 1000 seaerease the end-to-end delay bound. However, the regulating
sions, the average per packet overhead9 8s, while for the algorithm implemented by the link-sharing scheduler in CBQ
three-level hierarchy it is 154 us. is based on link-sharing rules and is quite different from the

We note that all these results are obtained with relatively uwell understood regulators defined in [8], [21]. In addition, in
tuned code. We expect that the overhead can be significamtigler for the end-to-end delay bound of a session to not be af-

reduced with proper optimizations. fected by the regulating delay, the session’s parameters need to
be consistent among all regulators in the network. In CBQ, the
VIl. RELATED WORK regulation process is affected by the link-sharing structure and

. . . . licy, which are independently set at each router. Therefore, it
Class Based Queueing [7] and Hierarchical Packet I:alrQl’leasgunclear how end-to-end delay bound will be affected by the

ing [1] are two algorithms that aim to support hierarchical link:

sharing, real-time and priority services. regulation of link-sharing schedulers.

A CBQ server consists of a link-sharing scheduler and a 9]e(§1-':0r link-sharing service, by approximating the ideal and well-

efined Fair Service Curve link-sharing model, H-FSC can iden-

5This figure does not take into account route lookup and other system relatify precisely a_nd efficiently durlr]g run-time the instances when
overheads. there are conflicts between requirements of the leaf classes (real-
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time) and interior classes (link-sharing). Therefore, H-FSC came to enforce the real-time criterion, and the other to enforce the
closely approximate the ideal link-sharing service without netink-sharing criterion, is similar to H-FSC. The key difference
atively affecting the performance of real-time sessions. Witk that while in FA the link-sharing criterion considers only the
CBQ, there could be situations where the performance of reekcess service, in H-FSC the link-sharing criterion considers the
time sessions is affected under the Formal-Link-Sharing or evemtire service allocated to a class. At the algorithmic level this
the more restricting Ancestor-Only rules [7]. To avoid the effeclifference is reflected by the fact that in FA the virtual time of a
on real-time sessions, a more restrictive Top-Level link-sharisgssion is not updated when a packet is served by the real-time
policy is defined. criterion.

Another difference between H-FSC and CBQ is that in H-
FSC, priorities for packets are dynamically assigned based on VIIl. CONCLUSION

servige CUTVES, while in CBQ, they are statigally assi'gned basedye make two important contributions. Firstwe define an ideal
on priority classes. In CBQ, the link-sharing rule is affectefly;r geryice Curve link-sharing model that supports (a) guaran-
only by papdmdth; once packets becpme eligible, they havqe%d QoS for all sessions and classes in a link-sharing hierarchy;
static priority. This has some undesirable consequences. s air distribution of excess bandwidth; and (c) priority ser-
an example, consider thg cla§s hierarchy in Figure 1, ass or decoupled delay and bandwidth allocation. By defining
that CML.J hag many active \(ldeo strea}ms (prlprlty 1) but recisely the ideal service to be supported, we expose the funda-
dgta trafﬂc; (prlorlty 2), acc'or.dmg to the link-sharing rule, CMUy 01 architecture level tradeoffs that applhyatoy schedulers
video trafn(? V.V'” become gllglbleata rate of 25 Mbps. Once,th,eé(esigned to supportlink-sharing, real-time, and priority services.
become eligible, they will all be served at the highest prioritys °second contribution, we propose a novel scheduler called
by the general sched.uler. This V\."”, negatlyely aﬁ‘ept Not 0Ny FSC that can accurately and efficiently approximate the ideal
the delay bound provided FO,U' Pitt's re"?‘"“me, traﬂlc, but aISEair Service Curve link-sharing model. The algorithm always
the average delay of U. Pitt's data 'grafhc, which is served %Jarantees the performance of leaf classes while minimizing the
the general scheduler at a lower pnonty. In contrast, ,H'F iscrepancy between the actual service allocated and the service
provides much stronger firewall protection between differeplyn 4 he allocated by the ideal FSC link-sharing model to the

lossof the behavior of othar d I additor. T Sffbrior classes. We have implemented the H-FSC scheduler in
regardlessof the behavior of other classes. In addition, linkg,o NetBSD environment, and demonstrated the effectiveness of

sharing among clas:.ses is also d'C‘"?“ed b.y SEIVICE CUTVES. Bﬁ?algorithm by simulation and measurement experiments.
excess service received by a class will be limited by its ancestors

service curves, which specify both bandwidth and priority in an

integrated fashion. 1] J.C.R.Bennettand H. Zhang. Hierarchical packetfair queueingalgorithms
. . . LC.R. . Mgl | I ueuel | .
Like H-FSC, H-PFQ s also rooted in a formal framework. ThE In Proceedings of the ACM-SIGCOMM @fages 143—156, Palo Alto, CA,

major difference between H-PFQ and H-FSC is that H-FSC de- August1996.

; ; i J.C.R. Bennettand H. Zhang. \®: Worst-case fair weighted fair queue-
cou'ples the delay and bandwidth allpcatlon, thus aCh.I.eves.; mgﬂe ing. InProceedings of IEEE INFOCOM'9fages 120-128, San Francisco,
flexible resource management and higher resource utilization. In ca March 1996.

addition, unlike H-PFQ where a session’s delay bound increaggls R. Brown. Calendar queues: A fast O(1) priority queue implementa-

with the depth of the hierarchy, the delay bound provided by gir('lfg)r.ltgggf'l];'za?ti%'ctegg:: lsggg robler@:ommunications of the ACM

H-FSC is not affected by the depth of the hierarchy. [4 R.Cruz. Service burstiness and dynamic burstiness measures: A frame-
In this paper, we use service-curve based schedulers to achieve work. Journal of High Speed Networks(2):105-127, 1992.

: : : 5] R. Cruz. Quality of service guaranteed in virtual circuit switched network.
decoupling of delay and bandwidth allocation. In [12], [19], 'ES IEEE Journal on Selected Areas in Communicatjdt®(6):1048-1056,

has been shown that more general service curves other than linearaugust 1995.
curves can be supported by GPS. However, this general resolffteA. Demers, S. Keshav, and S. Shenker. Analysis and simulation of a

- . . . . : fair queueing algorithm. InJournal of Internetworking Research and
assignment of GPS is only possibleaill relevant sessions in Experience pages 3-26, October 1990. Also in Proceedings of ACM

theentirenetwork are policed at the sources. Therefore, sources siGcomm's9, pp 3-12.
will not be able to opportunistically utilize the excess bandwidffil S. Floydand V. Jacobson. Link-sharing and resource management models

available in the network by sending more traffic than reserved. g°£6pi°uk§ljsr}elt‘ggg_(s'EEE/ACM Transactions on Networking(4):365-

It is unclear whether link-sharing can be supported in suchg L.Georgiadis, R. Gefin, and V. Peris. Efficient network QoS provisioning
network. In H-FSC, the scheduler guarantees a minimum service based on per node traffic shapingIEEE INFOCOM'96 San Francisco,

. . . CA, March 1996.
curve to a session regardless of the behavior of other sessigns g’y gojestani. A self-clocked fair queueing scheme for broadband appli-

in the network. In addition, it does not require that a session’s cations. InProceedings of IEEE INFOCOM'94ages 636-646, Toronto,
input traffic to be policed at the network entrance, thus allows CA, April 1994.

‘s : P P. Goyaland H. M. Vin. Fair airport scheduling algorithmsPhoceedings
sources to statistically share the excess bandwidth inside e of NOSSDAV'975t. Louis, MI, May 1997.

network. Furthermore, even for real-time services that do nef] p. Goyal, H.M. Vin, and H. Chen. Start-time Fair Queuing: A scheduling
allow link-sharing, service-curve based schedulers still achieve algorithm for integrated services. Rroceedings of the ACM-SIGCOMM

T : - 96, pages 157-168, Palo Alto, CA, August 1996.
a Iarger SChedUIab”Ity region than GPS with general resour[(fg] A. Parekh.A Generalized Processor Sharing Approach to Flow Control

assignments. in Integrated Services NetworkBhD dissertation, Massachusetts Institute
Fair Airport (FA) Schedulers proposed in [10] combine a Rate_ of Technology, February 1992.

. . . . . . [13] A. Parekh and R. Gallager. A generalized processor sharing approach to
Controlled Service Discipline with Start-time Fair Queuein flow control - the single node case. Rioceedings of the INFOCOM'92

(SFQ) [11]. The concept of using two scheduling disciplines, 1992.
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