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Multirate Scheduling of VBR
Video Traffic in ATM Networks

Debanjan Saha, Sarit Mukherjee, and Satish K. Tripaéipw, IEEE

Abstract—One of the major attractions of asynchronous trans- guarantees on maximum delay at the switching nodes and 2)
fer mode (ATM) networks for transporting bursty video traffic is  gnes that guarantee a minimum throughput. The multiplexing
its ability to exploit the multiplexing gains of packet switching disciplines providing delay guarantees [24], [5] typically use

while providing quality of service guarantees. Unfortunately, . . . X
most of the multiplexing mechanisms proposed in the literature Static or dynamic priority-based scheduling to bound the

fail to exploit the multiplexing gains of ATM. In this paper, Worst case delay of a connection at each switching node.
we propose a multirate service mechanism that allows a sessionThe end-to-end delay is computed as the sum of the delays
to be served at different rates at different times. Applications 5t the switching nodes on the path of the connection. The

generating bursty data, such as variable bit-rate (VBR) video, multiplexina disciblines providina throuahout guarantees [2
can take advantage of multirate service by requesting a high rate P 9 p P 9 ghput g [2],

of service for brief periods of bursty arrivals and a much lower  [7], [15], [25], [20], [19], [18] typically use variations of fair
rate of service for all other times. Consequently, the applications gueueing or frame-based scheduling to guarantee a minimum
can improve their delay performance without reserving a high rate of service at each switching node. Knowing the traffic
bandwidth for the entire duration of the sessions. Furthermore, arrival process, this rate guarantee can be translated into

the scheduler can multiplex the peaks and the lulls in service h f . h del del
rates of different sessions and improve the utilization of the guarantees on other performance metrics, such as delay, delay

system. Using MPEG video traces from a number of applications, jitter, worst case buffer requirement, etc.
we show that multirate servers outperform single-rate PGPS Rate-based schemes are preferred over schemes providing
(packet-by-packet generalized processor sharing) servers and ge|ay guarantees primarily because of their simplicity. Typi-

CBR (constant bit-rate) servers in terms of number of connections - . .
admitted, while providing the same level of service guarantees. cally, they oﬁer a f'_XEd_ raFe of sery|ce to_ a connection for.the
We a|so investigate the performance of mumrate Service When entire durat|on Of Its I|fet|me Wh”e a f|Xed rate Of service

service quality need not be guaranteed. We refer to this as is adequate for constant bit-rate traffic, it is quite unsuitable
predictive service. We propose a measurement-based admissionfor bursty traffic, such as variable bit-rate (VBR) video. For
control procedure for predictive service, and show that it helps example, an MPEG-coded [13] video stream generates traffic
increase the size of the admissible region even further. L] . . . .
_ _ _ at significantly different rates at different times, and no single-
Index Terms—ATM, multirate, scheduling, VBR video. rate service is sufficient to transport it across the network.
We propose a multirate service mechanism to address this
problem. In our scheme, a connection is served at different

. . rates at different times. For example, a session can be serviced
NE of the major attractions of asynchronous transf%rt the peak rate during the times of bursty arrivals and at a
mode (ATM) networks is its ability to exploit the mul- P g y

tiplexing gains of packet switching while providing qualit Otlower rate at all other times. In general, we can have more
P 99 P 9 P 94 Y O%han two rates of service. The length and the service rate of

service guarantees. A number of service architectures ha\élec:h of the service periods are specified by the applications at
been proposed [1] to realize this goal. At the heart of P b y bp

of these service architectures is a multiplexing policy th he time of connection setup. A multirate service discipline is

is used to allocate link capacities to competing connection pe;rior_ o its single—.rate counterpart in two ways. IJ.[ allows the
at the switching nodes. The manner in which multiplexing gpphcatlons generating bursty data to request a higher rate of

performed has a profound effect on what service guarantees%%v'ce for the periods of bursty arrivals and a lower average

provided and to what extent the multiplexing gain is exploite({i'flt‘:J of service at other times. Consequently, applications can

Multiplexing mechanisms proposed for ATM networks calf'Prove their delay performance without reserving a high
be broadly divided into two classes: 1) ones that provi ndwidth for the entire duration of the session. The scheduler

can exploit this feature by multiplexing the peaks and the lulls
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model, each connection is guaranteed a lossless delivery
with a specific end-to-end delay and jitter. Although some
applications cannot do without a guaranteed service, there
exists a large class of applications that are robust against
occasional cell losses and delay violations. The predictive P P
service is designed for these applications. In predictive service,
each connection is promised a specific grade of service with IB IB IB IB e
the understanding that it may be violated at times. If the

applications are robust to these violations, the lack of strict

guarantees can help increase the system utilization. The schagl-1. Example of an MPEG coded stream.
uling mechanisms used for both guaranteed and predictive

services are the same. They differ only in the admission contgﬁeciﬁed by two parameterd{, the distance betweehand P
process. In the guaranteed case, we always assume the Wekshes, andV, the distance betweeh frames. For example,
case scenario. A new connection is admitted if and only {fhen A7 is 2 and NV is 5, the sequence of encoded frames
its admittance does not violate the service qualities promisgd;ppBIBPB. .. (see Fig. 1). The patterhBPB repeats

to all connections, assuming worst case traffic arrivals. |Rgefinitely. The interarrival timet between two successive
the predictive service, the same admission control procggsmes is fixed, and depends on the frame rate. In general,
is administered with the difference that, instead of the worgk, 1 frame is much larger than B frame, and aP frame is
case estimate, we use a measurement-based estimate of trgffien, larger than & frame. Typically, the size of afi frame
arrivals [10]. is larger than the size of B frame by an order of magnitude.

Using MPEG video traces from a variety of real-life appli{ ¢t ys assume thdf|, | P|, and |B| are the sizes of, P, and
cations (including news clips, basketball games, class lectufg frames, respectively.
and music videos), we have shown that multirate ServersNow, consider the problem of choosing a single rate of
outperform single-rate PGPS servers and CBR servers in teigagyice for the video stream described above. We can either
of the number of connections admitted while providing thgngose a long-term average rate, a short-term peak rate, or
same level of service guarantees. We also investigate g}gy rate in between. If we choose the peak rate of service,
performance of multirate scheduling in the context of prenat is, |1|/¢, delay in the network is minimal. However, since
dictive service. We propose a measurement-based admissi source generates traffic at the peak rate only for a small
control procedure for predictive service, and show that it helpgction of the time, a peak rate allocation leads to severe
increase the size of the admissible region even further.  yngerutilization of network resources. If we choose the average

Except for some very recent works, multirate service mecpste of service, that is(|Z] + |P| + 2|B|)/4t, the network
anisms have not undergone a very through investigation. fjjization is high, but only at the cost of increased network
[6], a hop-by-hop shaping mechanism is proposed. It can Bgjay. Clearly, neither the average rate nor the peak rate is
adapted to provide multirate service. However, the impact 8fgood choice. As a matter of fact, no single rate is good
this service mechanism on real-life application traffic is nefhpice since the source generates traffic at different rates at
addressed. A multiple time scale characterization of traffiferent times. The ideal approach is to have a service curve
has been proposed in [11] and [12]. In [11] and [12], thgy2 that mimics the traffic generation pattern of the source.
improvement in network utilization due to this enhancegnfortunately, this is not a feasible since: 1) it is difficult to
traffic characterization is demonstrated in the context of rat@apture the traffic generation pattern of an arbitrary source
controlled static priority scheduling (RCSP). Authors shoyccyrately, and 2) it results in a complex service curve that is
that when the characterization of the sources is suﬁicienwjry difficult to realize using a simple scheduling mechanism.
accurate, a high network utilization is achievable. However, it o good approximation to this ideal service policy is to
is difficult to characterize a source accurately using commoniyode| a bursty source as a multirate source that generates
used usage parameter control (UPC) mechanisms, suchygfiic at a few different rates over different periods of time. We
leaky buckets. can then use a service curve that resembles this approximated

The rest of the paper is organized as follows. In Section Boyrce. For example, we can approximate the MPEG video
we discuss how a bursty source can be smoothed to a multirgé@rce described above as one that generates traffic at the peak
source. Section Il is dedicated to the scheduling mechanisggie ||/t over a period of timef, but maintains an average
its realization, and the admission control algorithm. Numericgite of (|I| + | P| + 2|B|)/4t over a period of lengthit. We
results are presented in Section IV. We conclude in Section $how in the next section that a service curve that mimics the
traffic generation pattern of this approximated source is easily
realizable using a simple scheduling mechanism.

In order to understand the suitability of multirate service |n the rest of the discussion, we assume that the traffic
for bursty traffic, let us consider an application generagenerated by a source is passed through a shaper before
ing MPEG-coded video. From uncompressed video data, @ftering the network. The shaper smoothes an arbitrarily bursty
MPEG encoder produces a sequence O_f encoded fl’a‘me§l'n general,|I|,|P|, and |B| are random variables. However, it is not
There are three types of encoded framegintracoded),”  unreasonable to assume thatis larger thar | and|P| is larger thar B].
(predicted), andB (bidirectional). The sequence of frames is 2A service curve is defined as the plot of service received against time.

Frame Size
—

Time

Il. TRAFFIC PROFILES
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problem is to choose appropriate shaper parameters given
the characterization of the traffic source [9], [14], [17], [23].
We assume that the source is orchestrated, that is, we know
the exact form of the traffic generated by the source. We
characterize a traffic source as a finite sequence of tuples of
the form (f;,¢;), where f; is the volume of data generated
at time ¢;. Although all traffic sources can be mapped into
this model, it is particularly useful for characterizing video
Shaping Envelope sources. In the rest of the discussion, we assumefttsaand

t;'s are all known.

First, let us consider the simpler problem of choosing the
parameters for a simple leaky bucket. A single leaky bucket is
characterized byb,r), whereb is the size of the bucket and
Fig. 2. Shaping with multiple leaky buckets. r = 1/t is the rate of token generation. Let us denotecly)
the number of tokens available at time Precisely speaking,

source to a multirate source that generates traffic at a finitéf;) is equal to the number of tokens in the token bucket
number of different rates over different periods of time. Thehen it holds a nonzero number of tokens. When there are no
service curve used at the network nodes mimics the traffRkens in the token buckes(t;) equals the number of cells
envelope enforced by the shaper. Besides smoothing traffit,the shaper buffer with the sign reversed (negative). That
the shaper also plays the dual role of policing a connection iSez(t:) represents the current state of the shaper. A positive
that it conforms to its advertised traffic envelope. value represents a credit, and a negative value represents a
Several shaping mechanisms enforcing different classesdgbit. The following lemma expressest;) in terms ofb, r,
traffic envelopes have been proposed in the literature. TAed the traffic arrival pattern.
most popular among them aleaky bucket, jumping windgw Lemma 2.1:Given an arrival sequence(f;,t;),i =
andmoving window16]. In this paper, we restrict ourselves td), - -, N, and a leaky bucketb,r), the number of tokens
leaky-bucket shapers only. However, the techniques develogg@sitive or negative}(¢;) present at time; can be expressed
here can be extended to moving- and jumping-window shap@$
also. A leaky-bucket shaper consists of a token counter and a
timer. The counter is incremented by one eacmits of time,
and can reach a maximum valde A cell is admitted into
the system/r_1etwork_ if and only if the cpunter is positive. Eac\ﬁ Proof: We prove this by induction.
time a c_eII is admitted, the counter is decremented _by One. pace Case:For i — 0, we havez(ty) = b, which
The traffic generated by a leaky-bucket regulator conS|sts_ofSathe number of tokens in the leaky bucket at the system
burst of up tob cells, followed by a steady stream of cells W'ﬂ]nitialization time.
a minimum intercell time of. A single leaky bucket enforces Inductive Hypothesis:Assume that the premise holds for

a specific rate constraint on a source, typically a declargﬂi < k. To prove that it holds for alf, we need to show
peak or average rate. To enforce multiple rate constraints, W&t it holds fori = k 1 ’

can use multiple leaky buckets, each enforcing different rate .
constraints. For example, two leaky buckets arranged in seriest(tk+1) = min{b, x(ty) + rtx41 — rtr — fi}

Cell Index

Time

z(t:) = Ogl}gi{b +rt; —rty — Fy,i— 1)}

here F(i, j) is the sum offy’s from k =z to k = ;.

can be used to enforce a short-term peak rate and a long-term = min{b, min {b+ rty —rt; — F(j, k- 1)}
average rate on a source. 0=i<k
The traffic envelope enforced by a composite leaky bucket + i1 — ik — fu}
is the intersection of the traffic envelopes of the constituent = min {b+rtppr —rt; — F(J, k)}.
leaky buckets. In Fig. 2, a composite leaky bucket consisting 0=j<k+l
of leaky bucketsL.B,,LBs,LBs, and LB, is shown. The This completes the proof. |

composite traffic envelope is marked by the dark line. Thelf B is the size of shaper buffer, to guarantee lossless
exact shape of the envelope depends on the number of caimaping, we have to satisfy the set of constraints, shown at
ponents and the associated parameters. Inappropriate chtieebottom of the next page (top).
of shaper parameters may give rise to redundant component$his is a linear programming formulation [21] (the linear
which may not have any role in defining the traffic envelope&onstraints), and can be easily solved when the objective func-
For example LB, is a redundant component in the composition is linear. For some specific nonlinear objective functions
shaper shown in Fig. 2. For ease of exposition, in the restalko, the problem is solvable.
the paper, we assume that all traffic sources are shaped usinghis linear programming formulation can be extended to a
two leaky buckets. One of the buckets monitors the short-tesomposite leaky bucket. Assumdeaky bucketgb;, r;), such
peak rate of the source, and the other controls the long-tetimatd; > b; andr; <r; for 1 <4 <j < n.We denote by (¢;)
average rate. the number of tokens (credit or debit) available in bucket

So far, we have focused on characterizing traffic comirdsing the results from Lemma 2.1, we can expregét;)
out of shapers and entering the network. The more difficuft terms of by, 1, and the traffic arrival pattern. Let(¢;)
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Variables:
A;: Arrival time of the ith cell of a session.
((bp, p){ba, Ta)): Service curve of a session.
FP,F?: Auxiliary variables used for time stamping.

Cell departure

""""" Events:
Initialize:: /* Invoked at connection setup time. */

F} « —o00; F§ + —c0.

bp Engqueue:: /* Invoked at cell arrival time. */
bo/ T Time FP « maz(FP, A; — bp/p) + 1/rp
b /r F? « maz(F#, A — b/ra) + 1/r,.
ala Add the cell to the queue with time stamp maz(0, FF, F?).

Fig. 3. Service curve of a session. o _
Degueuve:: /* Invoked at the beginning of a busy period. */

while not end-of-busy-period do

. . f ti 14 th 1att f i
denote the number of tokens available for the composite leaky 1f time stamp on the cell af the head of the dispatch
queue is greater than current time, dispatch the cell.

bucket at time instant;. Observe thatz(¢;) is the minimum end while
of xp(t:)'s, wherek = 1,---,n.

Now, if B is the size of the shaper buffer, to guarantee
lossless shaping, we have to satisfy the set of conditions shomg) 4. Multirate scheduling.
at the bottom of the page (bottom).

Given a linear objective function, we can use common
available solvers to find;'s andr;’s satisfying the constraint
set. The results derived in this section are used in Section {{f#+ 77} (ba;7a))-
to obtain the leaky-bucket parameters for PGPS that maximize , )
the number of connections admitted, given a traffic trace. - Scheduling Mechanism

The scheduling mechanism is a generalization of time-
stamp-based priority scheduling. As the cells arrive, they
are stamped with their expected transmission deadlines. We

In this section, we discuss a scheduling mechanism ¢@mpute the transmission deadlineitif cell F; of a session
realize a multirate service curve. We also present the admissigifh a service curvé (b, 7,) (ba, 74)) as the following:
control algorithms for both guaranteed and predictive services.

I '
t¥1e traffic envelope enforced by a dual leaky-bucket shaper

I1l. M ULTIRATE SERVICE

In general, the service curve [4] for a session can be any FY = max{F{ 1, A —bo/ro} +1/rg

convex function of piecewise linear components, where each FP = max{F! |, A = by/r,} + 1/7,

component' corresponds t'o'a different rate of service over a F; = max{0, F, F?}.

period of time. For simplicity, we assume that the service

curve (see Fig. 3) consists of two componefis, r,) and In the expressions above is the transmission deadline of

(basTa), Whereb, > b, andr, < r,. The (b,,7,) envelope the:th cell of a session that follows a service curve with slope
enforces the higher rate component over a shorter time frarf@r. rate)r, and an initial credit ob,, cells. We assume that;
The (b,,7,) envelope enforces the lower rate componeig the arrival time of theth cell, and cell transmission time
over a longer period. Observe that the service curve mimiissthe unit of time. Similarly,F? is the transmission deadline

z(t;) > fi — B, 0<i<N
= min {b+r(ti—t) - FGi-1)}=fi-B,  0<i<N
Syt

S b+r(ti—t;)+B>F(,i), 0<i<N0<j<i.

x(t;) > fi — B, 0<i<N

i (N > £ — g
= min {zx(t)} 2 fi- B, 0<i<N

S an(t) > fi—B, 1<k<n0<i<N
= mmin {by +ri(ti =) = F(i= D} 2 fi=B,  1<k<n0<i<N
Syt

= b +ru(ti —t;) +B>F(,4), 1<k<n0<j<i,0<i<N.
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Connection Table

Connection ID Connection State
bp P ba Ia
* L4 L4 [ ]
. . ° ° sse 0o
[ ] L] [ ] ®
Incoimg Cell Outgoing Cell
——— b
Cell Pool
Waddr Lines Raddr Lines
Cell Buffer Address Cell Buffer Address Time Stamp
Addrl Addrt IS1
Addr? Addr2 82
[ : L4
: . .
Idle Address FIFO Sequencer

Fig. 5. Architecture of the buffer manager.

of theth cell of a session that follows the service curve witB. Realization of the Scheme
rater, and an initial credit ob, cells. We gett; by takingthe |, this section, we outline the architecture of a buffer

maximum of £ and £’ Note that system time is initialized y,anager (Fig. 5) that can be used to implement the scheduling
to 0 at system start-up, and baff§’ and /7§’ to —oc. mechanisms in an output-buffered switch. It consists of a
_ The time-stamping algorithm is an extension to the algeg|| pool, an idle address FIFO, a connection table, and a
rithms used in virtual clock, PGPS, and SFQ. In each one gf,,encer. The cells are stored in the cell pool. The connection
these, a session is assigned a single rate of servicer.Sayiaple stores session states of different connections. The idle
As the cells from this session arrive, they are time stampglgress FIFO contains addresses of the current empty cell
as follows: locations in the pool. The sequencer stores a tuple consisting
of the buffer address and time stamp for each cell in the cell
P =max{F" |, A} + 1/7,. pool. The tuples are ordered in the increasing order of the

time stamps.

In the above expressiod;?® is the expected finish time of When a new cell arrives, it is stored in the cell pool at
theith cell of the session, and, is its arrival time. The virtual the address given by the idle address FIFO. While the cell is
clock, PGPS, and SFQ differ in the way they assign the arriva@ing stored in the cell pool, its connection (virtual channel)
time A;. Now, if the service curve is a little more complex thandentifier is extracted. The connection identifier is used to
a simple rate curve and has a bounded burst compogpelite  retrieve the session state of the connection from the connection
a leaky bucket, we can revise the time-stamping algorithm t@&ble. Once the session state is extracted, the time stamp for
follows: the cell is computed, and an entry consisting of the buffer

address of the cell and the time stamp is inserted into the

F® = max{F® |, A; — by /ra} + 1/rq. sequencer. During each transmission cycle_, the tuple_at the

head of the sequencer is examined. If the time-stamp field in

the selected entry is greater than or equal to the current time,

fhe corresponding cell is scheduled for transmission. The cell
buffer address is returned to the idle address FIFO.

. - . L ; - The most complex part of the buffer manager is the se-

;nua;;'?;/g\'/e-rgztgée?f 'SN;?;liﬁftd_l:n /;heistltrrr\]: pséﬁ]r?svhaesr;hauence_r. It is a priority queue (_)rdered _in the in_creasing orc_ier

ar e ara of the time stamps. For a detailed design and implementation

LTJervSee:xli)iflégl:el?sTr?é iér:;erssei;tjnth?nit'nr?rﬁu%('sé;r?ﬁoszag Fthe sequencer, refer to [3]. Note that any implementation of
P ( . ) ime-stamp-based scheduling such as PGPS, SFQ, or virtual
segments{b,, ) and{b,, r,). Hence, the time stamp on the

. ’ . clock has to use a sequencer or a similar component. The onl
cell is the maximum ofF® and F?. A time stamp computed d b y

thi b five. Wi d th tive ti additional complexity in our scheme is the computation of the
IS way may be nhegative. e round up the negative i .,ng time stamp, which is minor compared to the length of
stamps to zero.

. . . . the data path from the reception of a cell to its transmission.
The cells from different sessions are placed in a single queue

sorted in the increasing order of their time stamps. The cells ) ) )

are served from the head of the queue if and only if the tinfe Properties of the Scheduling Algorithm

stamp on the cell at the head of the queue is less than or equdh order to analyze the properties of the scheduling al-
to current time. In Fig. 4, we formally describe the algorithmgorithm, we introduce the concept of a universal utilization

The implication of having a burst component is that th
session starts with an initial credit df, cells, and can
accumulate a credit of up th, cells during the periods of
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Cell arrivals
Utilization

L

Time uL wL L

Utilization * Link—speed

CRURARRALLRANT

-

Fig. 6. Universal utilization curve.
Time

Fig. 8. Bulffer build-up at the switch.

Utilization

segments of the UUC on the left of the point of inflection of the

service curve are incremented by/ L and all segments on the

R/L right of the point of inflection are incremented by/L. Note

B/l New UUC that the point of inflection is atb, — b,)/(r, — ). Updating

U i n/L of the UUC is linear in time with the number segments in

/ B u UUC the UUC which, in the worst case, is equal to the number

1P 2 3 of connections in the system. When a connection leaves the

Time system, the UUC can be updated incrementally in a similar
fashion. In the following, we present a few key results on

Fig. 7. Updating the universal utilization curve. buffer requirements and session delays.

Lemma 3.1:Given theUUC = (w;,7),i=1,---, M, and

set of sessiof(bi,, ) (b, 7%)),i = 1,---, N, the maximum

a’'a

curve or UuC. I_nformally, the UUC is the superposmon OEachog at a switching node is bounded by
normalized service curves of all sessions assuming that they

start their busy periods at the same time. It is a convex

and piecewise linear function where each linear segment N i 1

represents the aggregate rate of arrivals of all sessions over Biystem < Z b, + L Z(“i =D

that period. We normalize the aggregate rate by the link speed. =1 =1

We represent the UUC as a sequence of tuplgsr;), where

u; and 7; are the effective utilizatiohand length of theith WhereL is the link speed, and,, >1 > w;41.

segment of the UUC, respectively. The utilization of one or ~ Proof: The worst case backlog occurs when all sessions
more segments of the UUC may exceed one. However, Sirt their busy periodsat the same time. The ter®}.; b/,
order for the system to be stable, the utilization of the lagh the right-hand side of the expression represents the buffer

segment has to be less than one. Fig. 6 shows the UUC wiiefiuired to absorb the initial bursts from all the sessions. The
two Session$<b177>})><bl LYy and((b]?),rf))(bQ 72)) are active second term corresponds to the build-up due to the mismatch

a’'a a’'a

at a switching node. In this example, the UUC consists of thrégtween the arrival rate and the service rate. Observe that
segments(u;, 7;), wherei = 1,---,3. We can compute;’s the rate of arrival into the switch is greater than the rate of
from the time axis coordinates of the points of inflection ofeparture from the switch whem; is greater than one. For
the service curves. If. is the link speed, we can computeex@mple, in Fig. 8, buffer accumulation continues over the
w's asu; = (rh +72)/Lyous = (r} +2)/L, anduz = |_nterval of Iengthf_l + 72. During this interval, the product of
(rl +r2)/L. link speed andy; is more thanlZ. Consequently, the shaded
As connections join and leave the system, the UUC ca&fea under the curve is the maximum size of accumulation.
be updated incrementally. For example, the UUC in Fig. ¥ote that the rate of accumulation at any point of time is
consists of three segments;, 7;}, wherei = 1,- -+, 3. When L{u;—1), whereu, is t_he utilizatior_l of the syst_em at that point.
a new connection((b,, 7,)(ba,74)) joins the system, it is Clearly, the summation on the right-hand side enumerates to
updated to the new UUC shown in the figure. In this exampl@,e total accumulation over the duration for whighremains
the new UUC has one more segment than the previous ofBOVe one. U
The new break point in the UUC coincides with the point of Lemma 3.2:Given the UUC = (u;, 7),é = 1,---, M,
inflection of the service curve of the new connection. The stef maximum backlog of a session characterized by
involved in computing the new UUC is straightforward. All

Service Rate

T T2 1)

3We define effective utilization of the system as the ratio of aggregate rate* The busy period of a session is defined to be the time interval during
of arrivals and rate of clearance, i.e., link speed. which the session is backlogged.
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((bp, rp){ba,7a}) cannot exceed TABLE |
CHARACTERISTICS OF THEMPEG TRACES SizE
. n Is IN BYTES AND FRAME SEQUENCE Is IBBPBB
Biession < min Tp Z(l - 1/U'Z)TZ Traces Type of Maximum | Mini- um Average | Variation
=1 Frame Frame Size | Frame Size | Frame Size | (Std. Dev)
n I 41912 8640 26369.14 4672.12
. _ Nor. P 40128 6400 15570.31 1846.77
+ bpy7a Z(l 1/ui)7i + ba Basketball B 35648 4288 | 11137.18 2856.51
t=1 Avg. Frame 14414.69
GoP 215232 59008 86488.12 6284.27
where, >1 > wny1. o I 34406 8512 | 21770.88 | 4808 31
Proof: The backlog of a session increases as long,as P 28544 9152 | © 15833.20 |  1437.66
stays over one. The session backlog reaches its highest p8ifY Vide Ave B e 32640 B ol I
when the UUC changes its slope from) > 1 t0 w,4+1 < 1. GoP 146304 65472 | 8644391 4017.07
If the service curve of the session consisted only of the ! 43200 L7144 27728.71 | 3537.86
X . . P 20160 11392 16025.23 547.62
segment(b,,, ), the maximum session _backlog would_ havexews clip B 26304 6208 | 10643.04 | 269166
beenr, X%, (1 — 1/u;)7; + b,. If the service curve consisted AngP;ame . ;238;63
. . . o 118464 1664 26.1 839.50
only of {(b,,7,), the maximum session backlog W(_)uld have I 13504 £313 110956 67 498 57
beenr, X7, (1 —1/u;)7 + be. Since the actual service curve P 13312 2048 | 4673.82 642.53
is the minimum of these two segments, the maximum sessiofetue Ave D e 6592 768 iggggg 61745
backlog cannot exceed the minimum of the backlogs computed GoP 33984 23424 | 28802.33 555.95
using each of these segments in isolation. O

Lemma 3.3:Given theUUC = (u;,7;),i = 1,---, M, the . . . . .
i ; -is shaped using a single leaky bucket, and is characterized by
maximum delay suffered by any cell belonging to a sessign

: ] ) a tuple(b, ), whereb is the burst size andis the arrival rate.
characterized by(by, 7p){ba, 7)) Cannot exceed In order to achieve stability, PGPS keeps the aggregate arrival

ntk n+l rate from all sessions at all times below the link speed. Another
Dgession = min < Z 7 + 61, Z Ti + 52) point to note here is that the scheduler does not introduce any
i=n+l i=n+l delay if the UUC is always less than one. Hence, we can
where B is the maximum session backlog,, >1 > u,,;, Ccompute the end-to-end delay of a session using Lemma 3.3
andé; < Tpqrt1 anddy < 7,441 are such that if we know the UUC'’s of all the switching nodes on the path
of the connection.

n+k
b B "n = 1-1 i )T 1-1 n+k 6 ..
(bp +B)/ry i_zn;rl( fui)TiF (1= 1/t 1) D. Admission Control
n+l We discuss admission control policies for two different
(bo + B)/rq = Z (1 = 1/ui)m + (1 — 1/tpqi41)02. classes of service: 1) guaranteed service and 2) predictive
i=n+1 service. In the guaranteed service, each session is guaranteed

certain target delay and lossless delivery of data. In the

Proof: We compute the worst case bound on delay e : i : o
geedlctlve service, designed for adaptive applications prepared

enumerating the time taken to clear the worst possible backl
We compute the clearing times in two cases: 1) using servi
segment(b,,,), and 2) using service segmeth,,r,). If
we consider the service curvg,,r,), the maximum delay
suffered by any cell is the time required to clear a backlog
B + b,. The backlog is cleared only after; drops below
1. Assume thatu,,; is the firstw,; that is less than one.
Hence, the time to clear the backlog 8f+ b, is equal to
Tpt1 =+ + Ttk + 61, Whereé; is a fraction ofr, 541 and

tolerate occasional cell losses and delay violations, a session
is promised a delay target with the understanding that it may be
violated at times and there may be cell losses once in a while.

the following, we discuss the admission control algorithms
or each of these classes of service.

Guaranteed ServiceWe assume that each session is char-
acterized by((by, rp, ){ba,74)). The process of admitting a
new connection includes three steps: 1) computing the new
UUC, 2) checking that the worst case system backlog does
ntk not exceed switch buffer limit, and 3) checking that the delay
< Z (1 =1/ui)ri +(1 = 1/“"+k+1)51> X1p =B +by. pound for each connection is satisfied. In the following, we
i=ntl discuss each of these steps in detail.

Similarly we can find the time required to clear the backlog The UUC can be updated incrementally. Note that the new
when{b,, r,) is the service curve. The worst case delay is tHdUC has at most one more point of discontinuity which
minimum of the two. 0 coincides with the point of inflection of the service curve of

One of the interesting points to note here is that thtbe new connection. Also, the value of for each segment of
aggregate rate of arrivals can exceed the link capacity fitre curve goes up by, /L or 7, /L, depending on whether the
a finite length of time. The buffers in the switch are usesegment is on the left or on the right of the point of inflection
to absorb this mismatch between the arrival and the serviogroduced by the new connection.
rates. This is an important difference between the multirateUsing the result from Lemma 3.1, we can check if the
service discipline proposed and the ones that offer a sing@mission of the new connection can lead to buffer overflow.
rate guarantee. In single-rate PGPS, for example, input traffis we update the UUC, we can add p — 1/u;)7; for
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Fig. 9. MPEG compressed video traces. Frame sequent8BBBR

each segment untik; changes from values higher than oneontrol checks. In predictive service, the utilization of the
to less than one. Once this sum is known, checking for tisgstem is measured rather than computed. When a new flow is
buffer overflow is trivial. For the purpose of quick and easio be admitted, delay and buffer occupancy are estimated based
computation, it may be worthwhile to keep the cumulative suon the measured utilization. In the following, we explain the
along with{u;, ;) for each segment of the UUC. We can alsprocedure in detail.
compute the maximum backlog of each session in the saméVe measure the utilization of the system over different time
pass. These results are prerequisite to delay computation doales. Let us assume that the measurement is taken over
individual sessions. three time scaleq;,7>, and T3, where T3 >15 >T;. The
We can compute the session delays using the results framasurement process counts the number of arrigals’s,
Lemma 3.3. For quick computation, we can store the cumand Cs over a period ofly,7>, and T3, respectively. We
lative sum of(1/u; — 1)7; starting from the point where; compute the utilization of the system if,7», and T3 as
changes from values greater than one to less than one. Nete= C,/T1,us; = C3/T», anduz = Cs/T3, respectively.
that delay bounds of all the sessions can be computed in dgvem these measurements, we can estimate the UUC as
pass, and it is of)(N) complexity, whereN is the number {(u1, 71}, (u2,72), {(uz, 0), wherer; =71 andr = 7o — T3.
of connections. The measured values af;,u2, and us are updated every
Predictive Service:ln the predictive service, a session i€’ unit of time, whereT" > 13>1,>1;. To be on the
given a loose guarantee on delay and loss. We exploit tltignservative side, we update’s with the highest:; recorded
laxity to improve network utilization and expedite admissioin the last measurement peridd



1140 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 15, NO. 6, AUGUST 1997

BasketBall BasketBall
{Burst = 1000 Cells) (Burst = 3000 Ce!
100.0 T T T T 100.0 T T T
—— Shaper Buffer = 100 ms —— Shaper Butter = 100 ms
- -~ Shaper Butfer = 150 ms ~ -+~ Shaper Buffer = 150 ms
-~ - Shaper Butter=200ms | . ] e Shaper Buffer = 200 ms

20.0

No. of Connections (% Improvement)
No. of Connections (% Improvement)

| L 1 1 1 00 1 1 1
0 00 0 2000.0 4000.0 6000.0 8000.0 10000.0 0.0 5000.0 10000.0 15000.0 20000.0
Switch Buffer (Cells) Switch Butter (Cells)
(@ (b)

Fig. 10. Comparison with PGPS server—percentage improvement in number of connections admitted for the basketball trace.
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Fig. 11. Comparison with PGPS server—percentage improvement in number of connections admitted for the MTV video trace.

The admission control test for a new connection, character- If the delay estimate of any connection exceeds the
ized by ({by, 7p)(ba,7a)), cONsists of the following steps. promised/requested maximum bound, the connection is

« Estimate the new UUC of the system after the admittance _rejected. o _
of the new flow from the current UUC and the service EStimation of system utilization is a very important compo-
curve of the new connection. If the utilization of the lasP€nt Of the admission control algorithm. The number and the
segment of the updated UUC is greater than one, the gths of the measurement periods dete_rmlne the accuracy
Lo . . of the measurement, and consequently impact the size of
connection is rejected right away.

. if t of the UUC i ter th the admissible region and discrepancy between the estimated
a.my segment of the IS grea. er than one, We,g actual delay and loss characteristics. The valuex of
estimate system buffer occupané using Lemma 3.1.

) HEx also has a significant impact on the system performance.
If B.>aB, wherea is a multiplicative factor less than the pigher the value (less than one), the more optimistic
one, andB is the switch buffer size, the connection iss the admission control process. However, a higher value
rejected. of « also increases the risk of buffer overflows and cell

* Delay estimates for each connection, including the nelgsses. On the other hand, a conservative choice @duces
one, are recomputed using the modified UUC antie chance of cells losses, but only at the cost of lower
the original traffic specification of each connectionutilization.
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Fig. 12. Comparison with PGPS server—percentage improvement in number of connections admitted for the news clip trace.
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Fig. 13. Comparison with PGPS server—percentage improvement in number of connections admitted for the lecture trace.

IV. NUMERICAL RESULTS of rapidly changing scenes in tune with the song. The third

In this section, we compare the performance of a multiraf§duence is a clip fro@NN Headline Newsvhere the scene

server with that of single rate servers employing PGPS afiliernates between the anchor reading news and different news

constant bit-rate (CBR) service in providing guaranteed Seblps. The last one is a lecture video with scenes alternating

vice. We investigate multiplexing gains of predictive servicee'[Ween the speaker talking and the viewgraphs. The only
' 9 P 99 P m?ving objects here are the speaker’'s head and hands. Fig. 9

over that of gu.aranteed. Service. We also present_ NUMENBRBts frame sizes against frame number (equivalently, time)
rgsults comparing multirate and single-rate predictive s 6r all four sequences for an appreciation of the burstiness
vIces. ) ) in different sequences. In all traces, frames are sequenced
In our study, we used four 328 240 video clips (se€ 55|BBpPBB and the frame rate is 30 frames/s. Observe that,
Table 1), each approximately 10 min long. In order to undefg terms of the size of GOPand that of an average frame,

stand the effects of traffic variability on the performance gfasketball and lecture video are at the two extremes (the largest
multirate service, we selected videos with different degrees

of scene changes. The first video is an excerpt from a very

fast .Sce.ne'Changing basketball game. The sc_acond Clip is $rhe repeating sequenclEBBPBBIin this case) is called a GOP or group
music video (MTV) of the rock group REM. It is composedf pictures.
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Fig. 14. Comparison with CBR service—percentage improvement in number of connections admitted for the basketball trace.
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Fig. 15. Comparison with CBR service—percentage improvement in number of connections admitted for the MTV video trace.

and the smallest, respectively), with the other two videos server. The choice of shaper parameters for multirate service

between. is bit more ad ho€.We pick b, = 0 and use the results from
Guaranteed ServiceFor this study, we consider a networkSection Il to find the minimum-,, that guarantees lossless

consisting of nodes in tandem, connected by OC-3 (15baping. We use two different values foy. The first plot

Mbit/s) links and transporting fixed-size ATM cells. Data fronfor each set (for a particular sequence) ukgs= 1000 cells

the source are passed through a shaper and then fed to@hg the second plot usés = 3000 cells. In each case, we find

network. All connections traverse from the source to the sifR€ corresponding lowest, that guarantees lossless shaping.

through five switches. We assume that the end-to-end def@(f? have plotted the percentage improvement in the number
bound is 300 ms of connections admitted using a multirate server over that of

The sets of graphs of Figs. 10-13 compare the numbBe PGPS server for different switch and shaper buffer sizes.

of connections admitted when PGPS is used in conjunctione have also experimented with other valuesgfand have

with a leaky-bucket shaper and multirate service is used in
conjunction with a dual leaky-bucket shaper. We use results ,
5This is because we do not have a closed-form delay bound for multirate

from_ S_eCtlon Il to compute the Ie.aky'bUCk?t parameters tr1.~,Egrvice, and hence we cannot use the linear programming formulation to find
maximize the number of connections admitted by the PGR& optimal parameters.
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Fig. 16. Comparison with CBR service—percentage improvement in number of connections admitted for the news clip trace.
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Fig. 17. Comparison with CBR service—percentage improvement in number of connections admitted for the lecture trace.

observed similar improvements in the number of connectioimerease in switch buffer size, the benefits of using multirate
admitted. service increase since it effectively uses this buffer to multiplex

For all sequences, the smaller the shaper buffer, the largethie peaks and the lulls of different sessions. During the same
the improvement. A smaller buffer results in a burstier streatime, the best leaky-bucket parameters for the PGPS server
coming out of the shaper and entering the network. The marensist of a small burst and a large token rate. The number
bursty a stream is, the more beneficial it is to use multiratd connections admitted by the PGPS server is computed as
service. Also observe that for all sequences, as the sizetloé ratio of the link speed and the token rate, and a high
the switch buffer increases, the improvement due to usitgken rate results in a small number of connections being
multirate service also increases. For the basketball, MTV, aadmitted. Therefore, we observe a very sharp increase in the
CNN clips, the curve reaches a peak, and then declines asecentage gain. However, if the buffer size is increased even
switch buffer size increases further. For the lecture video,fitrther, the advantage becomes less effective since the PGPS
keeps increasing with the size of the switch buffer. Howeveserver uses this extra buffer to choose leaky-bucket parameters
we have examined that it also reaches its peak at a certe@msisting of larger bursts but smaller token rates. Also note
buffer size (larger than the range shown in the plot) and thémat with a higher value dof,, the peak shifts toward the right.
goes down. This behavior is also due to the fact that multira#ehigherb, signifies a longer peak rate segment (for multirate
service is more effective for bursty traffic. Initially, with anservice).
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Fig. 18. Percentage improvement in number of connections admitted, predictive versus guaranteed service.

If we analyze the results for different sequences, we obsetie percentage improvement in the number of connections
that the improvement due to multirate service is the loweatimitted using multirate service over that of the CBR service
for the lecture video. This can be explained from the faébr different switch and shaper buffer sizes. The results shows
that it is the least bursty of all the clips. Here, even witkimilar characteristics as observed in the comparison between
a small amount of shaper buffer, the difference betweenultirate and PGPS server. However, as expected, the order
the peak and the average rate is not as much as the otbifeimprovement in the number of connections admitted by
more bursty clips. Consequently, the multiplexing gain is aldhe multirate server is much larger in this case, and does
less. not saturate for most switch buffer sizes considered in our

Graphs in Figs. 14-17 compare multirate service with CB&udy.
service. We used the same setup as described above. Fdtredictive Service:For this study, we consider the same
CBR service, we compute the the minimum rate of servieetwork configuration used for the guaranteed case. We
for each video sequence for different shaper buffer sizes fssume that desired end-to-end delay is 300 ms. The graphs
lossless shaping. As in the last example, for multirate serviad, Fig. 18 compare the number of connections admitted for
we useb, = 0, and use the results from Section Il to findyuaranteed and predictive services, both using multirate
the minimum »,, that guarantees lossless shaping. We useheduling. Note that while we compute the number of
two different values for,. The first plot for each set (for a connections admitted in the guaranteed case, the number
particular sequence) usés = 1000 cells and the second plotof connections admitted in the predictive case is obtained
usesh, = 3000 cells. In each case, we find the correspondinigrough simulation. To make the comparison fair, we use
lowest r, that guarantees lossless shaping. We have plottegsults from only those simulation runs that result in zero
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Fig. 19. Percentage improvement in number of connections admitted using multirate scheduling for predictive service.

cell loss. At each switching node, we estimate the UUBuffer due to the fact that, during this time, the multiplexing
by measuring utilization over three time scald§, = 50 gain is hardly exploited by the deterministic scheme. However,
cell time, T, = 250 cell time, and73 = 500 cell time. as the buffer size keeps increasing, so does the number of

The measurement period i = 1000 cell time. We connections, and ultimately the multiplexing gain tapers off.
vary the buffer utilization factorew to achieve lossless At this point, the number of connections admitted in both
delivery. guaranteed and predictive services becomes (more or less)

In Fig. 18, we have plotted the percentage improvement @onstant (at different values, of course). The decrease in the
the number of connections admitted in the predictive servipercentage improvement for the lecture sequence comes as
over that of guaranteed service. We observe that for all vidaobit of surprise. This is because the lecture video is quite
sequences, the improvement in the number of connecti®mooth to start with. Therefore, as the buffer in the switch
admitted increases initially with the increase in switch bufféncreases, the deterministic policy can do much better in
size. For basketball, MTV video, and the news clips, thexploiting multiplexing gain than for the other bursty clips.
increase in improvement ceases at a certain switch buff&fth the increase in buffer size, the multiplexing gain achieved
size. For the lecture sequence, it actually decreases with both the schemes becomes comparable, and the gain
increasing buffer size. The initial increase in improvemerstarts to fall (note that the absolute number of connections
with an increase in switch buffer size is because of the faatimitted by the predictive scheme is more than a factor of
that predictive service effectively uses this buffer to multiplesvo higher than that of the the deterministic scheme at all
traffic. The rate of increase is higher for the lower switctimes).
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The next set of graphs (Fig. 19) compares the number of improvement in utilization with almost no degradation
connections admitted using multirate and single-rate predictive in service quality.

service. We used the same experimental setup and the samphis study can be extended in many ways. In the predictive
set of traffic parameters as used in the comparative stugipde of service, the number and the lengths of measurement
of the multirate and PGPS servers for guaranteed serviggervals have a profound impact on the stability and the
The only difference is in the admission control algorithmytilization of the system. We are currently in the process of
We used the measurement-based admission control algorithalyzing these interactions. Another interesting direction for
with 73 = 50 cell time, 7> = 250 cell time, andl3 = future work is to apply multirate scheduling for data traffic.
500 cell time. The measurement period#s = 1000 cell For example, it can be used to provide short response times
time. We vary the buffer utilization factory to achieve totelnet sessions by reserving a high peak rate for a short
lossless delivery. We plot the percentage improvement in thgration and low average rate. THip sessions, on the other
number of connections admitted using multirate service ovand, can be optimized for throughput by reserving a relatively
that of single-rate service. When the switch buffer size is Higher average rate of service, and a peak rate that is the same
the range of 100-500 cells, we get 100-200% improvemqig or close to the average rate.

for all sequences. However, with increasing buffer size, the
improvement due to multirate service goes down and stabilizes
at around 50%.

From the results presented in this section, we make thig]

following conclusions.

e For guaranteed service, the multirate server outperformig]
the single-rate PGPS server. Multirate scheduling is morﬁ]
effective for bursty traffic.

» The benefits of using multirate scheduling goes down aK
the buffering in the switch increases. Note, however, th
most of the currently available switches use no more than
couple of hundred cells of buffer per port. Due to space
and power limitations on the switch wafer, this number is[6]
not expected to increase dramatically in the near future. In
this operating range, the benefits of multirate scheduling’
are very significant. 8]

e If hard guarantees on service quality is not a require-
ment, predictive service can be used to improve syster[ﬁ
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