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Abstract bandwidth and is able to provide performance guarantees such
as an upper bound on the end-to-end delay. This requires a
In the emerging high-speed packet-switched networkQuality-of-Service (QoS) mechanism to efficiently apportion,
packet scheduling algorithms used in the switches and routeafocate and manage limited resources among competing users.
will play a critical role in satisfying the Quality of Service An important component of such a mechanism is the traf-
(QoS) requirements of various applications. The latency bourfit scheduling algorithm typically used at the output links of
of a scheduling discipline is an important QoS parametegwitches and routers.
especially for real-time playback applications. Frame-based The function of a packet scheduler at an output link is to
schedulers such as Deficit Round Robin (DRR), though eselect the next packet for transmission from among the pack-
tremely efficient with atD(1) dequeuing complexity, lead to ets awaiting transmission through the output link. Some of the
high latencies due to bursty transmissions of each flow’s trafnost important and desirable properties of a scheduling disci-
fic. In a recent work by Tsao and Lin [14], the authors pro-pline are fairness, efficiency and low latency. Schedulers such
pose Pre-order Deficit Round Robin, a novel scheme that oveas Weighted Fair Queueing [2, 9], Worst-Case Fair Weighted
comes this limitation of DRR while still achieving a low workFair Queueing (WFQ) [1] and Self-Clocked Fair Queueing
complexity. In Pre-order DRR, a priority queue module i¥SCFQ) [4] achieve good fairness through maintaining a global
appended to the original DRR scheduler which re-orders theariable known as the virtual time or the system potential func-
packet transmission sequence in DRR to distribute the outptibn. Such schedulers, known as sorted-priority schedulers,
more evenly among flows and thus reduce burstiness and ithen use this variable to compute the timestamp for each packet
prove the latency. In this paper, we employ a novel approadhdicating the relative priority of the packet for transmission
to analytically derive the latency bound of Pre-order DRR anaver the output link. While they achieve good fairness and low
show that our bound is a tight one. Our latency bound is signifatencies, they are not very efficient due to the complexity of
icantly lower than the bound derived by Tsao and Lin, demorgomputing the system virtual time and the complexity of main-
strating that Pre-order DRR has even better performance chataining a sorted list of packets based on their timestamps.
acteristics than previously argued by its own authors. In frame-based schedulers such as Deficit Round Robin
(DRR) [10], on the other hand, no global virtual time is main-
tained and the scheduler simply visits all the non-empty queues
in a round robin order. This reduces the per-packet work com-
plexity of DRR toO(1) with respect to the number of flows,
making it attractive for implementation in routers, and espe-
Future high-speed packet-switched networks are expectgg|ly so, in hardware switches. However, such schedulers do
to support a variety of services beyond the best-effort serviggyye their limitations in fairess and latency. In the following,
available in the Internet today. A number of new applicationg,e briefly provide an overview of DRR and its limitations.
such as distance learning and multimedia tele-conferencing) ot ;. pe the transmission rate of the output link, the access
rely on the ability of the network to guarantee such serviceg, \hich is controlled by a DRR scheduler. Assume that there
For example, such applications would expect the network (¢ 3 total ofy, flows multiplexed on this link. Lep; be the
ensure that each flow of traffic receives its fair share of thgyganed rate for flowand letp,nin be the minimum reserved

*This work was supported in part by NSF CAREER Award CCR-9984161at€ among al_l they IJOWS- Since all these flows share the
and U.S. Air Force Contract F30602-00-2-0501. same output link) """, p; < r. In order that the flows re-
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ceive service proportional to their reserved rates, eachiflew is w where F' denotes the size of a DRR frame

assigned a weighty;, given by, andr represents the transmission rate of the output link. In
‘ this paper, we use a different, unique and novel approach to

w; = pi (1) analytically re-derive the latency bound of Pre-order DRR and

Pmin show that our bound is a tight one. Our approach is based

Note that for any flow, w; > 1. on interpreting the Pre-order DRR bandwidth allocations as an

A flow is said to beactiveduring a certain time interval, if it instance of the Nested Deficit Round Robin (Nested-DRR) dis-

always has packets awaiting service in this interval. The DRRPIine discussed in [5]. The latency bound of Pre-order DRR
scheduler operates in terms of rounds whereioumd refers ~ derived in this paper is significantly lower than the bound de-
to one round robin iteration during which the DRR schedulefived by Tsao and Lin, demonstrating that Pre-order DRR has
visits all the flows that are active at the instant that the rourfven better performance characteristics than previously argued
begins. The DRR scheduler allocateguantum Q; to each Dy its own authors.

active flowi, which is defined as the ideal service that flow ~ The rest of the paper is organized as follows. Section 2
should receive in each round. The quanta assigned to the floRi§sents a brief overview of the Pre-order DRR scheduling
are in proportion to their reserved rates. kgf,:, represent discipline. Section 3 discusses the interpretation of Pre-order
the quantum assigned to the flow with the lowest reserved raf@RR bandwidth allocations as an instance of allocations in
Hence,Q; is given byw;Q,.i». Let M denote the size of the Nested-DRR. In Section 4, we present our analysis of the la-
largest packet that may potentially arrive during the executioi¢ncy bound of Pre-order DRR. Section 5 presents a detailed
of a scheduling algorithm. For the DRR scheduler to have @mparison of the latency bound derived in this paper and that
work Comp|exity OfO(l), itis necessary th@min is greater derived by Tsao and Lin in [14] Fina”y, Section 5 concludes
than or equal td//. A DRR frame is defined as the sum of thethe paper with a tabulated overview of the latency bounds of
quanta allocated to all the active flows in a DRR round. Notall other schedulers in comparison with that of Pre-order DRR.
that during a certain service opportunity, a flow may not be able

to transmit a packet because doing so would cause the flow2o Pre-order Deficit Round Robin

exceed its allocated quantum. In such a case, the scheduler

records the remained of the quantum in tedicit countasso-  |n this section, we present a brief overview of Pre-order DRR
ciated with the flow. This deficit is added to the quantum ischeduling discipline, a detailed description of which can be
the subsequent round. Hence a flow that does not receive fggind in [14]. The goal of the Pre-order DRR scheduler is
fair share of the bandwidth during a certain round is given ag eliminate the drawbacks of the DRR scheduler while trying
opportunity to receive proportionately more service in the nexb preserve its good properties such as its low work complex-
round. Letm represent the size of the largest packet that agty. The assignment of the weights and the quanta are identical
tually arrives during the execution of a scheduling algorithmo DRR. In fact, the Pre-order DRR scheduler also works in

Note thatm < M. It has been proved in [10] that, rounds. However, unlike the DRR scheduler which serves the
active flows in around robin fashion, the Pre-order DRR sched-
0<DCi(s) <m—1 (2)  uler reorders the transmission sequence of the packets within

. : . %ach DRR round. We shall first introduce some terms and def-
However in all frame-based schedulers including DRR, each.: . . ; -
initions which will prove useful in the description of the Pre-

flow is served for a continuous period of time in proportlonOroler DRR scheduler.

to its weight resulting in a highly bursty packet stream at the Let us assume that a total pfpackets are transmitted from

outp_ut of the schedgler. AI.SO d_ue to the round robin order (%Iowi in the s-th round of service. The packets are labeled as
service, a flow that is lagging in service as compared to t

; ; . , 2, ..y indicating their position in the stream of packets that
other flows has to wait for its turn in the next round to compen= _.
) . . are scheduled from flowin rounds. Note thaty represents
sate for the service lag. Further, there is no way for a laggi

: "We last packet that is served in roundrom flow i. As in
flow to receive precedence over all the other flows. . .
. . .DRR, the deficit count serves as a measure of past unfairness.
In [14], Tsao and Lin have proposed a new scheduling di

cipline called Pre-order DRR which aims at overcoming th?‘etDCi (s) represent the deficit count of floifollowing the

aforementioned drawbacks. In Pre-order DRR a limited nunf[ansmlssmn of then-th packet of the-th round.

ber of priority queues; are added to the DRR scheduler. Thes@efinition 1 Define the Quantum Availability denoted by

queues reorder the transmission sequence of the packetsQig;n(S), of flowi after the transmission of thex-th packet
each DRR round and hence allow each flow to utilize its quagrom flow: in round s as follows:

tum in pieces over the course of the round. It is shown in [14] .
that Pre-order DRR belongs to the general class of Latency- QAT (s) = DCY(s) 3)
Rate (CR) servers [11] and that an upper bound on its latency ‘ Qi



The Quantum Availabilityof a flow keeps track of the unused interpret the operation of the Pre-order DRR scheduler as a
guantum of the flow in the current round. nestedversion of DRR similar to Nested-DRR. This interpre-
In Pre-order DRR, a priority queue module consisting of tation is useful in analyzing the latency bound of the Pre-order
gueues and alassifiermodule are appended to the originalDRR scheduler. Each round in DRR can be referred to as an
DRR architecture. LePQ, PQ», ..., PQ, represent the pri- outer round The time period during which the Pre-order DRR
ority queues in the descending order of priority wittd); as scheduler serves the flows present in the priority quegeg,
the highest priority queue anB@,, denoting the lowest pri- during thes-th outer round is referred to @sner round(s, u).
ority queue. Just as in DRR, the Pre-order DRR maintainshus, each outer round can be split into as many inner rounds
linked list of active flows called théctiveList However, the as the number of priority queues, Since the Pre-order DRR
flows in theActiveListare not served in a round robin mannerscheduler visits the priority queues in a descending order of
as in DRR. This is a list of the active flows that have alreadpriority starting at priority queué’), and ending with queue
received their fair share of service in the current round. ThegeQ),, the first and last inner rounds in outer roundre (s, 1)
flows are, however, eligible for receiving service in the subsend(s, p) respectively.
qguentround. Atthe start of a round, tBéassifiermodule clas- ~ The quantum assigned to each flow is divided equally among
sifies the packets that will be served in the current round frotthe p priority queues. Thus, the quantum allocated to fiow
each flow present in thActiveListaccording to itSQuantum in each of its inner rounds is equal . Let Served; (s, u)
Availability into thep priority queues. In general, the priority represent the total data scheduled from floim inner round
queuez!"(s) into which them-th packet served from flowin (s, u). Also let DC; (s, u) denote the deficit round of flowat

the s-th round is added is calculated as follows, the end of thes, v)-th inner round. Note that the deficit count
. . of a flow at the end of the last inner round of an outer round
z"(s) = p— QAT (s) x p] (4)  is the same as its deficit count at the end of the corresponding

Once all the packets that can be scheduled in the current roul djtn_d n DRR.dAIfS%, thlsbdef|C|t ctountt 1S Ca”('je?_lOVer to the
from flow i have been transferred from the flow buffers into thé' >~ '"er found ot the subsequent outer round. Hence,
priority queues, if flow: is still active, it is added to the tail of DCy(s,p) = DCi(s) = DCi(s +1,0)
the ActiveList i\ i i 5

When the scheduler is ready to transmit, it begins servingote thatDC;(s + 1,0) is used to represent the deficit count

the packet at the head of the highest non-empty priority queusk flow ; at the start of the inner round + 1,1). As in DRR,
Note that, if a packet is added to a priority queue that hasfie deficit count is calculated as follows,

higher priority than the queue from which the scheduler is cur-

rently serving a packet, then following the current transmis- DC. _ Qi DO _1)—¢, 5
sion, the scheduler will first serve the packet added into the i(s,u) P + DCils,u—1) = Sils,u) ®)
higher priority queue. The round in progress ends when all the i h ) hich

priority queues are empty. It has been proved in [14] that prdL can be easily proved that Equation (2) which represents

order DRR has a low worst-case work complexity(fiog ) the bounds on the deficit cogrﬂq-(s), also holds true for
resulting in an efficient hardware implementation. DCi(s,u). Hence for any flow and inner rounds, u),

) 0 < DCi(s,u) <m—1 (6)
3. The Nested-DRR Interpretation
In DRR, since the quantum of each flow is greater than or equal
The primary goal of the Pre-order DRR scheduler is to bred the size of the largest packet that may potentially arrive dur-
the quantum allocated to a flow in a DRR round into severdg its execution, the scheduler is guaranteed to serve at least
pieces so that it can be utilized in pieces over the course @he packet from each of the active flows in each round. How-
the round. The Nested-DRR scheduler proposed in [5] tries &ver, in Pre-order DRR, it may be possible that the surfj:of
eliminate the drawbacks of the DRR scheduler by creatingand DC;(s,u — 1) is less than the size of the packet at the
set of multiple rounds inside each DRR round and executeshaad of flow:. In this case, flow will not receive any service
modified version of the DRR algorithm within each of thesen inner round(s,«). Thus, a flow need not necessarily re-
inner rounds. The Nested-DRR scheduler tries to sérye,  ceive service in each inner round. If the Pre-order DRR sched-
worth of data from each flow during each inner round. Duruler was serving flows in an exact round robin manner as in
ing an outer round, a flow is considered to be eligible for seiNested-DRR then, in the worst-case, it may be possible that
vice in as many inner rounds as are required by the schedulane of the active flows will be able to transmit a packet in an
to exhaust its quantum. This results in a significantly loweinner round resulting in a work complexity 6f(n) or greater,
latency bound, while preserving th@(1) work complexity ~wheren represents the total number of active flows. Tias-
and the fairness characteristics of DRR. We can hypotheticaldjfier module in the Pre-order DRR scheduler avoids this large



work complexity by classifying the packets into theriority  Definition 5 A busy periodf a flow is defined as the maximal
gueues at the start of each outer round. This classification déne interval during which the flow is active if it is served at
termines which inner rounds each flow will be served in andxactly its reserved rate.
the scheduler does not need to query all the flows in a round
robin order. Since the busy period of a flow assumes that a flow is served

Note that the deficit count of a flow is updated at the end afxactly at its reserved rate, it depends only on the reserved rate
each inner round using Equation (5) irrespective of whether &nd the traffic arrival pattern of the flow. However, an active
receives service in that inner round. From Equation (5), theeriod of a flow reflects the actual behavior of the scheduler
service received by flowin inner round(s, u) is, where the instantaneous service offered to the flow varies ac-

0 cording to the number of active flows.
Servedi(s, u) = P + DCils,u—1) = DCis,u) - (7) Definition 6 Let Sent;(t,,t>) be defined as the total service

I . received by flow during the time intervalty, t2).
Definition 2 Let Sent;(s,u) represent the total service re- y g (t1,12)

ceived by flow since the start of the-th outer round until the  Note that this notation is identical to the one used in Defini-
time instant when the scheduler finishes serving the packetsiig, 2. Hence the reader should interpSetat; (3, 7) based on
the priority queuelQ.,. whether3 and represent two time instant 68, ) denotes an
inner round in the execution of the Pre-order DRR scheduler.

t; is computed as follows: o .
Senti(s, u) P Let the time instanty; be the start of a busy period for flow

w=u i. Lett > «; be such that flow is continuously busy dur-
Sent;(s,u) = Z Served;(s,w) ing the time interval(a;,t). Let S;(a;,t) be the number of
w=1 bits belonging to packets in flomthat arrive after timey; and

are scheduled during the time interyal;, ¢). Note that, dur-
ing this time interval the scheduler may still be serving packets
from a previous busy period, and hengga;, t) is not neces-

Sent;(s,u) = (%)Qz + DCi(s — 1) — DC;i(s,u) (8) sarily the same aSent;(«, t).

Substituting forServed; (s, w) from Equation (7) in the above,
we have,

, . ) u Definition 7 The latency of a flow is defined as the minimum
Sent;(s, u) will be positive only if the the sum of})Q; and non-negative constar®; that satisfies the following for all
DC;(s — 1) is greater than or equal to the size of the paCkegSossible busy periods of the flow,

at the head of flowi. If this condition is not satisfied then

it implies that flow: has not received any service in the first Si(aui,t) > max{0, p;(t — a; — 0;)} (10)

u inner rounds. However, each flow is guaranteed to receive

service during at least one inner round within each outer rounds defined in [11], a scheduler which satisfies Equation (10)

o _ _ ) for some non-negative constant valu€yfis said to belong to
Definition 3 DefineSent;(s) as the total service received by the class of Latency Rat€R) servers.

flow ¢ in outer rounds.

In practice, however it is easier to analyze scheduling algo-
rithms based on the active period of a flow. Let flolvecome
active at time instant;. Also lett > 7; be some time instant

such that the flow is continuously active during the time in-
enti(s) = Qi + (s—1) (s) © terval (7;, t) Let © be the smallest non-negative number such
that the following equation is satisfied for all

Note that,Sent;(s) is equal toSent; (s, p). Therefore, sub-
stitutingu. = p in Equation (8), we get,

4. Latency Analysis of Pre-order DRR
Sent;(a;,t) > maz{0, p;(t — a; — O})} (11)

In deriving an upper bound on the latency of Pre-order DRR,
we use the concept of Latency-RatéR) servers first pro- Even though(r;,t) may not be a continuously busy period for
posed in [11]. The following definitions lead to a formal defi-flow 4, it has been proved in [11], that the latency as defined
nition of latency for guaranteed-rate schedulers. The readerd¥ (10) is bounded b;. This allows us to determine the la-
referred to [11] for a more detailed discussion. tency bound of a scheduler by considering only the flow active

eriods.

Definition 4 An active periodof a flow is defined as the max- P
imal interval of time during which at least one packet of thefTheorem 1 The Pre-order DRR scheduler belongs to the class

flow is either awaiting service or is in service. of LR servers, with an upper bound on the lateiézyfor flow



1 given by, worth of data in thégy-th round. Let the time instarj, mark

the start of the outer roungk, + h). Consider the case when

1 7; does not coincide with the time instaft the start of outer

r P roundky, i.e.,; > to. In this case, the time interval, 7;)

will be excluded from the time interval under consideration.

Y (m—1) (W Y 2) On the other hand, when coincides withty, the size of the
w; time interval (Ti,Ti(e’f)) is maximal. We, therefore, assume

that ther; coincides with the start of th&,-th outer round.

wheren is the total number of active flows,represents the Fig. 1 illustrates the time interval under consideration assum-

W = wi)Qumin

0, <

12)

number of priority queued} is the sum of the weights of all ing that(e, f) is equal ta(ky+k, v). Note thatin Fig. 10 R(a)
the flows and- denotes the transmission rate of the output linkrepresents the-th outer round and R(a, b) denotes the inner
round(a, b) in the execution of the Pre-order DRR scheduler.

Proof. Since the latency of ad’R server can be estimated
based on its behavior in the flow active periods, we will prove
the theorem by showing that,

(e ()

p
Let7; be the time instant when floilbecomes active. To prove
the statement of the theorem we must consider an active period
(74, t) of flow i. We then obtain the lower bound on the total
service received by flow during the time interval under con-
sideration. Lastly, we express the lower bound in the form of
Equation (10) to derive the latency bound.

In [6] it has been proved that to obtain a tight upper bound
on the latency of the Elastic Round Robin scheduler [8], we
need to consider only those active perigds¢) which satisfy
the following two requirements:

1.
1

e’
T

<

1. 7; coincides with the start of a service opportunity of some
flow.

2. Time instant belongs to a subset of all possible time in-
stants at which the scheduler begins serving flow

It can be easily verified that these two conditions are applica-2.
ble for proving the upper bound on the latency of the Pre-order
DRR scheduler. Leti(e’f) be the time instant marking the start
of the service of flowi when flow: is at the head of priority
queuePQ; in round f. In other words, this time instant rep-
resents the start of the service opportunity of flow inner
round (e, f). Note thatTi(e’f) belongs to the set of time in-
stants when the scheduler begins serving flowherefore, in
order to determine the latency bound of the Pre-order DRR we
need to only consider time intervéls;, Ti(€7f)) forall (e, f)in
which flow i receives service.

The first step toward analyzing the latency bound involves
choosing a suitable time intervét;, Tﬁ€7f)) such that the size
of this time interval is the maximum possible. Note that the
time instantr; may or may not coincide with the start of a new
outer round. Letky be the outer round which is in progress
at time instantr; or which starts exactly at time instant In
either case, flow will receive an opportunity to transmdp;

The time interval under consideratiof;, 7.
e split into two sub-intervals:

k0+k,v)), can

(74, tr): This sub-interval includes outer rounds of ex-
ecution of the Pre-order DRR scheduler starting at outer
roundky. Consider the time intervat, ¢,1) when outer
round (ko + k) is in progress. Summing Equation (9) over
all n flows,

4
th+1 - th = Tszn

+ 1S DC by + h = 1) = DOy o+ 1)} (13)
j=1

Summing the above ovéfrounds beginning with round
ko,

r

£ 13 (DC (ko — 1)~ Dy (ko +k~ 1)} (14)
i=1

ty — 75

(tk,Ti(k0+k’U)): This sub-interval includes the part of the

(ko + k)-th round prior to the start of the service of flaw
when itis at the head of priority qued&?,,. In the worst-
case, flowi will be the last flow to receive service among
all the flows which may be present in priority queig,,.

In this case, during the sub-interval under consideration,
the service received by flonequalsSent; (ko + k,v — 1)
whereas the service received by each flb@mong the
other(n — 1) flows equalsSent; (ko + k, v). Note that if

v equalsl then flow: does not receive service in this sub-
interval. SummingSent; (ko + k,v — 1) andSent ; (ko +
k,v) for each flowj such thatl < j < n,j # ¢ and using
Equation (8), we have,

n

v 1 v
Tz_(koJrk, ) _ tk i Z(f)ijmzn
rép
J#i
1 v-—1

rp



time

to ‘ ! t L
- IR(k 1)>€IR(I< 2 = elR(k +1, 1)» eIR(k +K, 1)» eIR(k +k, v)» :
lfj3 ii 9131'3 1 hii 3231' 1323 19 1323 ijii;
"""""""""" : D

~——— ORky) ——= =~ OR(ky+ k) —————=

: timeinterval

' under consideration

T (kgrkv)

0

Flowi
becomes active

Figure 1. An illustration of the time interval under consideration

Note that the total data transmitted by flevduring the time
Ty Z (DC;j(ko +k —1) = DC;(ko + k. v) interval under consideration can be expressed as the following
=t summation.

+ ;(DCi(ko +k—1)— DCy(ko + k,v — 1)) (15) Sent;(1;,75)) = Sent (75, t) + Sent; (t, 7F”))  (18)

Combining Equations (14) and (15), we have, As explained earlier, Sent;(t, TZ-( ’”)) is the same as
W Lo Sent;(k,v — 1). Sent;(;,t;) can be obtained by summing
rFotR) = (kQumin) + - Z(g)ijmm Equation (9) overk outer rounds starting at outer rousg.
r =P Substituting the result of this summation and Equation (8) in
L w1 e Equation (18) and using the fact that the deficit count of a
—(v Yw; Qmin newly active flow is equal to zero, we have,
rop
—1
1< Sent;(1;, T (ko+k,v)y W; (kQmin) + v Wi Qmin
+ ;Z(DCJ(]CO—1)—DCJ(]€()+]€,’U)) (T i ) ( Q ) ( P ) Q
J];i - DCl(]f() +k,v— 1) (19)
+ E(DCi(ko —1) = DCi(kg + k,v —1))  (16) Using (17) to substitute fat in (19), we get,
r
Now since flowi becomes active at the start of outer rodgd Sent; (7, Z(k“k ”)) > W (Ti(ko”‘”"”) - 7)
its deficit count at the start of thg-th outer roundDC; (ko — w v w v—1
1) is equal to zero. Using this fact and the bounds on the deficit - Wl(*)(W — W;)Qumin — Wz(i)wiQmin
count from Equations (2) and (6) in Equation (16), we have, ws p
W Lo —Wz(n—l)( —1)+—D0(k‘0+kv—1)
v v
Tl'(kOJrk’ ) —T; < 7(’£szn> + Z(f)ijmzn v—1
r r j;l_ p +( Yw; Qumin — DCi(ko + kv — 1) (20)
+ 1(” —1 VWi Qmin + (n—1)(m —1) Now, since the reserved rates are proportional to the weights
rp r assigned to the flows as given by (1), and since the sum of the
_ EDCi(ko Y ko—1) reserved rates is no more than the link rateve have,
Wy
Solving fork, pis T (21)
" Using Equation (21) in Equation (20), and simplifying we get,
. (Ti(ko+k,v)_Ti)WQ7" | —%Z g)wj g Eq (21)in Eq (20) plifying we g
S = Sent(rs, 7" ) 2 pi(rF ) — )
-1 1 Pz pPi U — 1
— %(Up )wi— WQmm(n_l)(m_l) r (p)(W wv)Qmm*?( p )(wal)szn

Pitn —1)(m—1) - 2D, (¥
+ Wi DCZ(/{JO + k,v— 1) a7 , (n 1)( 1) , DCg(k‘o + k,v 1) <wi 1)
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Figure 2. (a) Input Pattern  (b) Packet Classification in the priority queues

Simplifying further, and noting that the latency bound reache®n a similar note, the minimum service received by flodur-

the upper bound whebC; (ko + k,v — 1) equals (m-1), ing an inner roundS}’”'”, provided it is present in the priority
gueue being served, is given by,
Senti(ThTi(kﬁk’v)) > max< 0, p; rkotkv) _ T ) 0.
’ ' S = WiQmin _ (m—1) (24)
p

Fig. 2(a) illustrates a part of the input traffic present in the
gueues of thex: flows at the start of outer round,. Fig. 2(b)
) )) } shows how the&Classifiermodule of the Pre-order DRR sched-
(22)

— ; f

uler classifies these packets into the priority queues using
Equation (4). From Fig. 2(b) it can be seen that, except for

As discussed earlier, flow will experience its worst la- flow 4, all the other(n — 1) flows have packets classified into
tency during an intervalr;, 7" %)) for some inner round the highest priority queu£Q;. Prior to the service of the first
(ko + k,v). Therefore, from Equation (22), the statement opacket of flowi, each flowj, j € F, j # i, transmitsS;**

+(m—-1) <W+n2

w;

the theorem is proved. o worth of data. Hence the cumulative delay until floveceives
We now proceed to show that the latency bound given bservice, X, is given by,

Theorem 1 is tight by illustrating a case when the bound is ac- gmaz

tually achieved. LeF represent the set of all flows. Assume X = Z 1

that flow : becomes active at a certain time instantvhich jer T

also coincides with the start of certain outer roufd Since ’

the arrival of a packet into the empty buffer of a flow signals>ubstituting forSy"* from Equation (23), we have,
the start of a busy period of the flow, is also the start of its 1 (W = w0;)Qums

busy period. Assume that for any time instant > 7;, a total X == (7"1"
of n flows, including flow:, are active. Also, assume that the " p
summation of the reserved rates of all thélows is equal to  Also the total flow: data that is served froRQ, equalsS™".

the transmission rate of the output link,Therefore, we have,  Even thoughX represents the time for which floivhas to

pi = jr. Since flowi became active at time;, its deficit  wait until it starts receiving service, Equation (10) does not
count at the start of outer rourig is 0. Let the deficit count hold true if we substituteX as©,. This is because in time
of all the other(n — 1) flows be equal to the maximum value interval (r;, 7; + X) flow i has not yet started receiving at its

of (m — 1). Using Equations (6) and (7), it is seen that theyuaranteed rate. We assume that the latefigys given by,
maximum service received by a flginduring an inner round,

+(n—1)(m-— 1)> (25)

ijna'r iS given by’ @z - X + Y (26)
oe WiQmin A plot of the service received by flowagainst time is il-
Syt = D +(m—1) (23)  |ustrated in Fig. 3. In order to determine the valueYofve
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Figure 3. Plot of service received by flow i

shall consider the time intervét;, T,i(k"’Q)) which satisfies the

aforementioned requirements for deriving a tight upper bound
on the latency. Referring to Fig. 3, we have,

Table 1. Comparison of Latency Bounds

Scheduler Latency Bound

Smin 1 Smin
V+——==> wQmin+ — — i) Qi '
i r JEZF 7¥¢min r Q?ld % { (W 'U;z)szn + Qrmn <2W — w4 %)}

J#i

Substituting forS™™ from Equation (24), we have,
erew l{i(w_w”@m" F(m—1) (K—&-n—Z)}
" :

- wimem - m—1 _ Wme,i,n - m—1 D w;
Pi Pi r r
. , L 1
Now, sincep; = 37, simplifying further, we have, edrr - {(W — w;)Qmin + (m — 1) (K +n— 2) }
-1) /W
y= (-1 ( _ 1) 27)
T w;

Substituting forX and Y from Equations (25) and (27) in
Equation (26), it can be readily verified that the latency boun
is exactly met.

Qmin- 991 in Table 1 is obtained by substituting fé in

e latency bound derived in [14]. The latency bound of DRR
stated here is proved in [7]. All the three latency bounds in Ta-
] ble 1 are represented as a summation of two terms. Note that
5 Comparative Study of the New Latency the first term 002'¢ and@7*v is identical and that the second

Bound term of @7 is equal to the corresponding term@f".
Recall thatQ,,,;,, > M and thathM > m. Therefore, it can

In this section, we present a brief but detailed comparisdpe easily verified tha®?<® is less thar©?!?. This proves that
of the latency bound of Pre-order DRR derived in Theorem the latency bound of Pre-order DRR as proved in this paper is a
with the latency bound derived in [14]. L& represent tighter bound. Also note tha??'¢ is unable to distinguish be-
the former and 1e©¢!¢ denote the latter. We also compare outweenm and@,,;,. Note that in most networks including the
latency bound with the latency bound of the DRR schedulelnternet, the average packet size is much smaller than the max-
a proof of which can be found in [7]. L&b¢™" represent the imum possible size [13, 15] and therefore,<< M resulting
latency bound of DRR. Table 1 summarizes these three latenigym << Qmin. Thus, in situations with small numbers of
bounds. flows and wheren < M, ©7** can be much lower tha@?'<.

Note thatF, the size of a DRR frame is equal to the sum- Comparing®4¢™™ with ©7¢* it is seen that the first term of
mation of the quanta of all the active flows which is given byo?<" is ]l) times of the corresponding term @¢"". Thus,
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Figure 4. Comparison of the latency bounds

the latency bound of Pre-order DRR scheduler is significantlgn ideally fair but unimplementable scheduler with a latency

lower than that of DRR. bound of exactly 0. The latencies in Table 2, except ERR, DRR
In order that the reader may fully appreciate the differencand Pre-order DRR, are derived in [3]. The latency of ERR is

between the new and the old latency bounds, we providederived in [6] and the latency of DRR is derived in [7]. In this

comparison of these two latency bounds of Pre-order DRRble, as in the rest of this papéi is the size of the largest

within the context of a practical exampl@d'" is also included packet that may potentially arrive during the execution of a

to illustrate the improvement in latency achieved by Pre-ordexcheduling algorithm. Recall that is the size of the largest

DRR. Let us assume that a total of 100 flows are multiplexepacket thatctually arrives during the execution of the sched-

onto an output link whose transmission rateis 150 Mbps. uler. Typically, M > m, since in most networks including the

Assume thatV/ is equal to 576 bytes and 1€},,;,, be equal Internet, the vast majority of the packets are of much smaller

to M. Also assume thap,,;, is equal to 0.1Mbps and that size than the maximum possible size of a packet [13, 15].

the output link is completely utilized, i.€x_;" , p; = r. Note

that this implies that sum of all the \(ve?ghts is 150/0.1 = 150%eferences

Let the number of queues in the priority queue module of the

Pre-order DRR schedules,be equal to 10. We compare the

latency boundsQ?¢¢, @1 and©¢"" for flow i as a function

of its reserved ratey;, for two values ofm: (a)m = M, (b)

m = M/2. Fig. 4 illustrates a plot of these latency bounds 2]
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