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Abstract finite buffer, fluid is buffered when aggregate rate exceeds

the capacity, and loss occurs only when the buffer over-
We study the utility of buffer at switches in increasing the flows. Consider both types of networks when they provide
achievable utilization of a network providing determinis- deterministic guarantees on QoS parameters such as delay
tic guarantee. To determine the increase in utilization, and loss. If the network does not have any buffers, then
we classify packet scheduling algorithms into two classes. burstiness of a source may have to be smoothed at the edge
Only one of these classes can utilize additional buffers of the network to ensure that loss does not occur. Such
to increase the achievable utilization. We experimentally smoothing may introduce delay. Consequently, to meet the
determine the difference in achievable utilization of these end-to-end delay requirements, resources greater than what

classes. Our experiments demonstrate twattrary to in- is necessary may have to be reserved. On the other hand, if

tuition, in most cases, additional buffers do not lead to the network has buffers, then such smoothing and the con-

higher achievable utilization of a network. sequent delay may not be necessary. This may enable the
network to meet the delay requirement of a larger set of

flows.

Thus, intuitively, it appears that use of buffer in a net-
|ntegrated services networks Support a diverse set of ap-Work should increase the achievable utilization of fluid
plications (e.g., data, audio, interactive video, stored video flow networks. Hence, the question of interest is: Is the in-
applications). The traffic characteristics as well as Qual- tuition correct for packet-switching networks? If yes, how
ity of Service (QoS) requirements of these diverse applica- much does the achievable utilization increase by adding
tions vary significantly. To meet the QoS of requirements buffer? Answers to these questions would determine the
of the applications, a network has to manage two resources:source rate control mechanism, which controls the smooth-
link bandwidth and packet buffers. While several packet ness of a flow, that should be employed in a network. If
scheduling algorithms for managing link bandwidth have buffer in network does not yield higher utilization or the
been deve|oped and ana|yzed, the issues that arise in mani.ncrease in utilization is not sufficient to offset the addi-
aging packet buffers for providing QoS guarantees have nottional cost, a rate controller may completely smooth a flow
been adequately investigated and are the subject of investii0 generate a constant bit rate (CBR) flow. If the buffer
gation of this paper. in the network yields increase in the achievable utiliza-

To illustrate the issues that arise in managing buffers, tion, a source rate control mechanism may not smooth a
consider a fluid flow model of the sources and the network. flow at all or smooth it to appropriately tradeoff increase in
finite buffer. If the switches have no buffer, then fluid loss €ffectiveness of buffer in increasing achievable utilization
occurs whenever the aggregate arrival rate of flows at thewould determine the appropriate buffering alternative, i.e.,
output link of a switch exceeds the link capacity. In case of t0 buffer at source or in network.

In this paper, we take a step towards answering these
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Electric Research Laboratories (MERL), and Sun Microsystems Inc. of a network providing deterministic guarantees, we clas-
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sify the packet scheduling algorithms as either belonging to
the class of Guaranteed Rate (GR) scheduling algorithms
or Rate Controlled Service Disciplines (RCSD). Whereas
the scheduling algorithms in RCSD can utilize additional
buffers to possibly increase the achievable utilization, the
achievable utilization of GR scheduling algorithms is un-
affected by the available buffer space. We experimen-
tally determine the difference in achievable utilization of
RCSD and GR servers when RCSD servers employ addi-
tional buffers. Our experiments demonstrate tattrary

to intuition, in most cases, additional buffers in a network
of RCSD servers do not lead to higher achievable utiliza-
tion. This experimental result indicates that if a source de-
sires deterministic bounds on packet delay, then the traffic
should be completely smoothed at the source.

The rest of the paper is structured as follows. We formu-
late the problem under investigation and present the back-
ground for it in Section 2. We present our experimental
methodology in Section 3. The experimental results are
presented in Section 4 and then discussed in Section 5. Fi-
nally, Section 6 summarizes our results.

2 Background and Problem Formulation

The sequence of packets transmitted by a source is referred
to as a flow and is used synonymously with a connection.
A flow is serviced by a sequence of servers. Let there be
K servers on the path of a flow and let i server on the
path be servet. For simplicity of exposition, let the prop-
agation delay between the serverg)te To provide deter-
ministic guarantees on packet delay and loss, each server
employs a packet scheduling algorithm. The achievable
utilization of a server depends on the packet scheduling al-
gorithm. Hence, to determine the effectiveness of buffer at
servers in increasing achievable utilization, let the schedul-
ing algorithms proposed in the literature be classified into
two classes:

¢ Guaranteed Rate scheduling algorithms: The class of
Guaranteed Rate (GR) scheduling algorithms is de-
fined based oexpected arrival timef a packet. Let
v} be thej'” packet of flowf. Then, expected arrival

time of packet, at serveri, denoted by AT" (1)),
is defined as:

L i Lo {
EAT(p}) = max{A (7)), EAT'(}™") + R_J;}
(1)

1All the subsequent analysis is applicable when the propaga-
tion delay is non-zero but bounded. However, use of non-zero

wherej > 1, Ry is the rate reserved for floW, {; is

the length of packets of floyi 2, A*(p?,) is the arrival
time of 7} at serveri, and ZAT" (p}) + ,l%—ff is defined
to be0.

Scheduling algorithm at serverbelongs to GR if
it guarantees that pack®§ will be transmitted by

EAT'(p}) 4 o' wherea’;, depends on the scheduling
algorithm as well as the server and the flow charac-
teristics [6]. Several algorithms such as Virtual Clock
[15, 18], Weighted Fair Queuing [1], Start-time Fair
Queuing [8], Self Clocked Fair Queuing [4], Leap-
forward Virtual Clock [14], Frame-based Fair Queu-
ing [13], Delay EDD [7, 17] belong to the GR class.
It has been shown in [6] that if each of the server on
the path of a flow employs a scheduling algorithm in
GR, then the end-to-end delay of pacbo(}tis given
as:

n=K
&} < EAT'(p)) — A} + > of  (2)
n=1

whereA(p}) is the time at which packet, is gener-
ated at the source.

o Rate Controlled Service Disciplines: The class of
Rate Controlled Service Disciplines (RCSD) is de-
fined based on the concept of shapers [3]. A shaper is
a network element that ensures that its output traffic
satisfies some burstiness constraints.A B (¢, )
denotes the number of bits that are output from shaper
S%in time interval[t;, t-], then shapes’ delays the
departure time of packets to ensure th&t' (¢, , 5) <
Fi(ts — t1), where the functiorf™ characterizes the
shapers'.

Scheduling algorithm at servébelongs to the RCSD
class with shapef’ and delayd if it ensures that
the departure time of a packet from the server is at
mostdjt more than its departure time from shaﬁcjér
RCSD class contains work conserving as well as non-
work conserving algorithms (see [3, 16] for some ex-
amples). It has been shown in [3] that if each of
the server on the path of a flow employs a schedul-
ing algorithm in RCSD, then the network guarantees
that the maximum end-to-end delay of any packet, de-
noted byd,, is given as:

3)

where D? is the maximum delay incurred by the
source traffic at shapes;, which is a composition

propagation delay would clutter the presentation without provid-
ing any insight into the problem under investigation.

2For ease of expdtion, we have assumed that the length of

the packets of a flow does not vary.
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Figure 1: Network with Traffic Shaper

of shapersS}, . Sf. Intuitively, S; is a shaper com-
posed by sequentially connecting shapéjfs.., Sf
(see [3] for a precise definition of composition of
shapers).

Observe that the bound on the departure time of a packet
in GR at serveri can be interpreted as being at moé}t
more than the departure time in a shaper that delays a
packet till its expected arrival time. Hence, if schedul-
ing algorithm at servei belongs to GR, it also belongs to
RCSD withd; = o and shapes’; that delays packet till
its expected arrival time. However, since arbitrary shapers
may be employed in RCSD, the converse is not true, i.e.,
a scheduling algorithm in RCSD may not belong to GR.
Hence, GR is a proper subset of RCSD.

The main difference between GR and RCSD class is
that if the burstiness of a source is completely smoothed
at the edge of a network to reduce the buffer requirement
in the network, then whereas the end-to-end delay does not
increase in case of a network of GR servers, it may in-
crease in case of a network of RCSD servers. To observe
this, let a shaper be employed at the edge of the network,
i.e., between the source and the first server (see Figure 1).
Let the departure time of packﬁ}[ from such a shaper, de-
noted byZ*° (p‘}), be equal to its expected arrival time, i.e.,
L?(p}) = EATS(p}). Such a shaper generates a smooth
constant bit rate (CBR) flow. Now consider the end-to-
end delay in such a system in a network of GR and RCSD
servers.

¢ Network of GR servers: The maximum delay incurred
by a packet consists of two components - the delay
in the shaper and the delay in the network. The de-
lay in the shaper of packet. is L° (p}) — A(p}) =
EATS(p}) — A(p}). Using (2), we conclude that
the maximum delay of packet, in the network is

1 . o~ . ne 1 .
EAT (p}) =AM (p)) + 3202 1 a% whereEAT (p})

—A(p Z (4)

Since propagation delay has been assumed tothe
arrival time of a packet at the shaper is the same as the
arrival time at the first server in a network without the
shaper. HenceE AT*(p;) = EAT'(p}). Further-

more, due to the use of shapE/r_,,{TTl(p‘j;) = Al(p}).
Hence, we get:
n=K
&) < EAT (p) Z (5)

Since (5) is same as (2), we conclude that the end-to-
end delay does not change due to the presence of the
shaper.

Network of RCSD servers: Let the maximum delay
incurred by packets in the shaper at the edge be de-
noted byDJ? Also, let the maximum delay incurred

by the packets at shap#r; after being shaped at the

edge beDf Hence, maximum end-to-end delay is
given as:
N o n=K
dy = D§ +Df + 3 dj (6)
n=1

Now, D¢ + D§ may be greater than the deldy;

experienced by packets at shapgr when traffic is
not shaped at the edge. To observe this,Slgthe
a (kly, ry) leaky bucket shaper and floyv conform
to (kls,r¢) leaky bucket. A shaper is @, r) leaky
bucket shaper, whekeis the burstiness andthe av-
erage rate, if it ensures that for all intervils ¢5]:

AP(tl,tz) S o+ T(tz — tl) (7)

A flow conforms to(e, r) leaky bucket if it does not
incur any delay in dc, ) leaky bucket shaper. Then,
since flow f conforms to the shape enforced by the
shaperS;, D7 = 0. However, sinceD{ is given as
% 6], if k > 1, D¢ + f)f > 0. Henced,; may

be greater thad,. Thus in case of RCSD, the end-
to-end delay may increase due to the presence of the
shaper.

Hence, if buffer requirement in the network is reduced to

and Al(pf) are the expected arrival time and actual that of a CBR flow by employing a shaper at the network

arrival time Ofpf at serverl when the shaper is em-
ployed. Hence, we conclude:

. . . IR
d; < BATS(py) — A(py) + EAT (p})

edge then:

¢ In GR networks the delay does not increase. Hence,

increasing the available buffer space does not effect
the achievable utilization.



¢ In RCSD networks the delay may increase. Hence, to If we assume each of the server is equally loaded, then the
ensure that end-to-end delay requirements of the flow delay of the flow at each server §&. Thus, intuitively,
are met, higher resources may have to be reservedfor a given end-to-end delay, the resource requirement at
which may resultinto loss in achievable utilization.  each server for a flow increases linearly with the number
pf servers on the path. On the other hand, in a network
of GR servers, we know from (2) and [6] that the reserved
ratez; > r; should be such that:

Hence, we conclude that the available buffer space does no
effect the achievable utilization of GR networks but may
effect that of RCSD networks. Therefore, the effectiveness
of buffer in increasing the utilization of a network can be o —1 I i=K
determined by evaluating the difference in achievable uti- dy > % + KRL +> Yol (10)
lization of a network of RCSD and GR servers when RCSD ! I
servers employ additional buffers. Since RCSD requires Then, ifo; is large, i.e., when RCSD servers may be ex-
additional buffers only when the shapgf is a non-CBR  pected to have larger utilizatioR, increases sub-linearly
shaper, henceforth we will assume that non-CBR shaperswith the number of servers on the path. Hence, intuitively,
are employed in RCSD. whereas resource requirement increases linearly with the
To gain an intuitive understanding for the difference number of servers in a RCSD network, it increases sub-
in achievable utilization of a network of GR and RCSD linearly in a GR network. Consequently, RCSD networks
servers, let us first consider a single server scenario. Letwill have higher utilization only if the reduction in resource
the flows conform to leaky buckets, i.e., flgfivconforms  requirement yielded by additional buffer is sufficient to off-
to a(oy,r;) leaky bucket. Furthermore, for scheduling set the difference in the linear and sub-linear increase. Oth-
algorithms in GR, Ieszt — Il%_ff + l%# where( is the ca- erwise, RCSD netwqus may not have hig.h'er gtilization
and, contrary to intuition, may have lower utilization.
A theoretical analysis to determine the difference in
achievable utilization of GR and RCSD networks has re-
|.mained elusive. Hence, to determine the difference we
conduct a large number of experiments. In the next section,
we describe our experimental methodology and present the
experimental results in Section 4.

pacity of servei andi?, .. is the maximum length of pack-
ets served by serverscheduling algorithms such as WFQ
and Virtual Clock satisfy this assumption [6]). Since EDF
has the largest schedulability region, let the RCSD schedu
ing algorithms employ EDF scheduler antba, r¢) leaky
bucket shaper for flovyf.

Consider two flows f and m that conform to
leaky bucket with parameterg10pkt, 1pkt/s) and )
(1pkt, 1pkt/s), respectively. Let both flowg andm re- 3 Experimental Methodology
quire delay of5.5s and be served by a single server with . . . . )
capacity2pkts/s. Then, from the results in [3], it can be Tq .exp'enmentally determine the difference in achievable
shown that a RCSD server satisfies the deadline require-Utilization of a network of GR and RCSD servers, we as-
ments of both the flows. On the other hand, in case of GR, SUme that all the flows conform to leaky bucket. (Since
from (2) and [6] we know that flowf would have to reserve the traffic model used by the Internet and ITU standard

at least rate?; such that: podies is leaky buckgt, this is nqt a restrictive assump-
tion.). Hence, flowf is characterized by the quintuple
O'f—lf li_i_lmax —55 (8) (O'f,r'f,lf,df,[(f)WherEO'f,Tf,lf,df,and[(f denote the '

Ry Ry C burstiness, rate, packet length, end-to-end delay require-

ment, and the number of servers on the path of figw

10 . o . .
Hence,; +0.5 = 5.5 which yieldsR; = 2pkt/s, which respectively. We make the following assumptions for GR
is the capacity of the server. Hence, the server would not gnd RCSD networks:

be able to accept flow:. Thus, the achievable utilization v

e GR:We assume that for GR servers = Ly

is higher in case of RCSD. ' ~ R, TC
Though achievable utilization is higher in case of a sin- where(" is the capacity of serverand/j, .. is the
gle server for RCSD, it is not clear whether the same result maximum length of packets served by servewe
holds in a network of servers. To observe this , let flow remove this restriction in Section 4.2). Hence, rate
/ have an end-to-end delay requirementief Since we Ry > ry that would satisfy the end-to-end delay re-
have assumed that the shaper employed is the same as the ~ quirements of flow/ can be determined by (10). We
input traffic, D7 = 0. Hence, from (3) we get: assume thaR; is reserved for flowf at each of the
servers.
dy = ni( d 9) ¢ RCSD: We assume that RCSD servers employ EDF

scheduler and és;, r¢) leaky bucket shaper for flow



f. Furthermore, we assume each of the server is
equally loaded and hence the delay of flgvat each

server isd; = 7.

We assume that the capacity of each server.isThe
schedulability conditions that we employ for GR and
RCSD are as follows:

¢ GR: We ensure that aggregate rate reserved by the
flows at a server is less than the server capacity.
Hence, if@ flows are served by a server, then the
schedulability condition i§ "\ R, < C.

RCSD: We use the schedulability condition presented
in [2], which is a generalization of Theorem 1 of [3]
for networks that have variable packet sizes, to de-
termine the schedulability region. Specifically, flows
[1..Q] are schedulable ;= r; < C and the fol-
lowing set of inequalities hold:

i=k
Zli +
i=1

d (C —

i=k—1 g
Z 7“2') +
i=1 i=
Without loss of generality we have assumed thag
... < dg. If all the flows have the same packet length
l, then we use Theorem 1 of [3] and ensure that the

following set of inequalities hold:
i=k
min{(k + 1), QU} + > (o —1) <

i=1
i=k—1
dk (C— m') + Z T
i=1

To experimentally evaluate the difference in achiev-
able utilization between RCSD and GR networks, we
first assume that there are only two types of flow at the
servers: low throughput and high throughput flows (ex-
perimental methodology for heterogeneous flows is pre-
sented in Section 4.3). Let{ < r, and the quintuples
(O'l, T, ll, dl, [(l) and (O’h, Th, lh, dh, [(h) characterize the
low and high throughput flows, respectively. We employ
the schedulability conditions presented above to compute
the schedulability region for RCSD and GR servers. The
schedulability region is given by a set of tuples,, n;)
such thatrn, andn; are the maximum number of high
and low throughput flows, respectively, that can be admit-
ted simultaneously (Figure 2 shows a hypothetical schedu-
lability region for RCSD and GR servers). To compare
schedulability regions of GR and RCSD and hence deter-
mine the difference in achievable utilization between GR

i=k

(Ui - lz) + lmax S
1

.

X

-1
rd; 1<k<Q (11)
1

i=k—1

2

i=1

di 1<k<Q (12)

and RCSD, we define two metricaverage utilization gain
andmaximum utilization gainTo define these metrics, we
first define the function8" (¢) andU/¢ (i) that compute the
achievable utilization of a RCSD and GR server, respec-
tively, wheni high throughput flows are admitted.

Let L7 (i) and L9(¢) be the maximum number of low
throughput flows that are admitted in RCSD and GR when
i high throughput flows are admitted, respectively. Also,
letn} andn? be the maximum number of high throughput
flows that can be admitted by RCSD and GR server, respec-
tively. We need to defin&" (i) andU9(:) for ¢ € [1..N]
where N = max{nJ, n}}. Consider the definition of
U’ (7). Clearly, wheri < n},, U (i) is:
rpt+r L” (Z)

C
If nj < nf, then we will requirel/"(¢) for i > nj, also.
In such a case, the number of high throughput flows that
should be used in determining utilization#§. Further-
more, sincel” (i) is not defined fot > n}, L9 (i) should
be chosen as the number of low throughput flows. How-
ever, since at most” (n}, ) low throughput flows may be
admissible along witl}, high throughput flows, we con-
clude thatmin{L" (n}), L9 () } number of low throughput
flows should be used in the computationléf () when
¢ > nj . Hence, we get:

rpny 4+ mpmin{L"(n}), LI(i)}
C

U (i) = i<np (13)

Ur(i) = np, <i<N

(14)
The functionU9 (%) is defined analogously. Note that in
the definition ofU9(7), the actual rates of the flows, and
not the reserved rates, are used.

We now define the two metrics as follows:

¢ Average utilization gainThis metric, denoted by,
is defined to capture the expected increase in utiliza-
tion yielded by a RCSD server. Itis defined as:

( Uf(i)—w(i)) (15)

U4(i)

Maximum average utilization gainThis metric, de-
noted by Ut is defined to capture the maximum
expected increase in utilization yielded by a RCSD
server. It is based on the observation that since GR
class is a proper subset of RCSD class, it is always
possible for a RCSD server to achieve the utilization
of a GR server. Hence, for determining maximum ex-
pected increases in utilization, any loss in utilization
yielded by RCSD may be ignored. Specifically, it is

i=N

2

i=1

1

U:N

defined as:
1 (X max{0, (U7 (5) — U9(i
=L (Z { <U§(>i) <>>}) 16)
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15. Note that since the average number of hops in Internet
is 17, the number of servers we choose is conservative [10].
4 1 We conduct three experiments:

e EXP1: 5" and S, are chosen to be the low and
high throughput sets. In this case, some flows in

Number High Throughput

4 6
Number Low Throughput

Figure 2: Example Schedulability Regions for GR and
RCSD

We are now ready to define our experimental method-
ology. In an experiment, we choose a set of low and high
throughput flows. Foeach pair of low and high tbugh-
put flows chosen from their respective sets, we determine
the schedulability region in RCSD and GR. Fch pair,
we computé/ andU T. Thus, we get a set of values for the
two metrics. We then determine a cumulative distribution
function for the metrics and employ it to determine the dif-
ference in achievable utilization between GR and RCSD
servers. In the next section, we present and analyze the
results of some of the experiments that we have conducted.

4 Experimental Evaluation

4.1 Basic Experiments

We construct several sets of low and high throughput flows
and choose several of their combinations. In a particular
set, all the flows have equal number of servers on their
path. Hence, le§;”* andS:* denote the'" low and high
throughput set, respectively, with all flows havihgervers

on their path. Lef; and!/; be the length of low and high
throughput flow packets, respectively. Also, gt &;, and

D¢ be set of burstiness, rate, and delay values for the low
throughput flows. Then, the s&f”*, i € [1..3], is defined

as follows:

SPF = {(oyr, d, k)| ce S Ared Ade D} (A7)

The setS;” is defined analogous t§;*. Observe that
flows in sets,”*..5>* differ only in their delay values. The

setsy, ®, and D’ for low and high throughput flows are

the low throughput set have higher delay requirement
than the flows in the high throughput set, and vice
versa.

e EXP2: S7* and S;* are chosen to be the low and

high throughput sets. In this case, flows in the low
throughput set always have lower delay requirement
than the flows in the high throughput set.

e EXP3: $>* and Sy are chosen to be the low and

high throughput sets. In this case, flows in the high
throughput set always have lower delay requirement
than the flows in the low throughput set.

We assume that the capacity of each servé0ig/ b/ s

and conduct these experiments for network environments
with fixed as well as variable size packets (leading to the
computation of 52650 schedulability regions).

¢ Networks with fixed packet size: We chooke =

[, = 512 bits. Figures 3 and 4 plot the cumulative
distribution function for the metricé’ and U+, re-
spectively, for different values df. Figure 3 shows
that 70 — 80% of the time, average gain is less than
0, and it is at mos0.15 in all the experiments when
k > 1. Figure 4 shows that maximum average gain
also is at mos0.15.

o Networks with variable packet size: In networks with

variable packet size, we expect low throughput appli-
cations (such as audio) to have small packet size and
high throughput applications such as video to have
large packet sizes. Hence, we chogse- 512 bits
and!;, = 8000 bits. Figures 5 and 6 plot the cumu-
lative distribution function for the metrids andtU/ T,
respectively, for different values &t Figure 5 shows
that 85 — 90% of the time average gain is less than
0 in all the experiments wheh > 1. Figure 6 shows
that90% of the time the maximum average gain is less
than0.02 in all the experiments wheh > 1. It also
shows that sometimes, the maximum average gain is
as high ad.

From the above experiments, we conclude, for both type of
networks, that: (1) as per the intuition presented in Section

defined in Table 1. (The delay and throughput values for 2, the average gain and maximum average gain decrease
the low and high throughput flows are chosen so that they with increases in the number of servers on the path; (2)
correspond to audio and video flows, respectively). We let 70 — 80% of the time, the average gain is less thar{3)

the number of servers on the path be eithet, 5,10, or 85 — 90% of the time, the maximum average gain is less



Type Burstiness Rate Delay

M ® (Kbis) DT (ms) D? (ms) D? (ms)
Low | {l, 100,200} {32,64,128} {25, 50, 75, 100, 200} {25, 50,75, 100} {100, 125, 150, 175, 200}
High | {l5,10l,20l;} | {640,1280,2560} | {25,50,75, 100,200} | {100, 125,150, 175, 200} {25, 50,75, 100}

Cumulative Distribution Function Cumulative Distribution Function Cumulative Distribution Function

Cumulative Distribution Function

Table 1: Parameters for the experiments
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Figure 3: Fixed size packet networks: Average gain in (a) EXP1, (b) EXP2, and (c) EXP3
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Figure 4: Fixed size packet networks: Maximum Average gain in (a) EXP1, (b) EXP2, and (c) EXP3
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Figure 5: Variable size packet networks: Average gain in (a) EXP1, (b) EXP2, and (c) EXP3
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than0.02 — 0.03; and (4)10 — 20% of the time, the maxi-  R; > r; that will satisfy (18) while ensuring that:
mum average gain is non-negligible. ]

A further examination of the experimental results for dy > e-L (19)
the 10 — 20% cases, in which the maximum average gain Ry
was non-negligible, demonstrated that most of the signif- \yheree < 1.
icant increase in utilization of RCSD occurred when both  \we determine the schedulability region for Delay EDD
the low and high throughput flows have burstiness equal to 55 follows. Since the set of flows that are schedulable by

the packet length, i.e., the flows are CBR. Since theoreti- rate only allocation algorithms are also schedulable by De-
cally the achievable utilization of GR and RCSD should be |3y EDD, we first determine atuple,, n;) as in Section 3

same when all the flows are CBR, this seems to be a con-for GR. We then choose= 0.1,0.3, 0.5, 0.7, and0.9 and
tradictory result. However, this is only an apparent contra- determine the maximum number of low throughput flows,

diction. ny > ny, that can be accepted along with high through-

To observe this, recall that we had restricted the GR put flows. This procedure when repeated for all values of
class to algorithms for whichy' was given asa’. = p, gives the schedulability region for Delay EDD.
;z_ff + l%_z This restriction included algorithms that al- We repeat the experiments presented in Section 4.1 to

compare the achievable utilization in GR and RCSD. We

locate only rate (e.g., WFQ, Virtual Clock). However, GR - ,
y (e Q ) efmd that the average gain becomes less tharall the ex-

class contains algorithms such as Delay EDD that separat . i
‘ d del locati q hai I o periments fork > 1. Hence, we only plot the maximum
raie and delay allocation and can have < z- + =&, average gain for fixed and variable length packet networks

or ay > ;z_ff l%_z Such algorithms have higher achiev- in Figures 7 and 8, respectively. As the fig.ure.s' demon-

able utilization than the algorithms that allocate only rate. Strate, the maximum average gain reduces significantly for
The unrestricted GR class that contains Delay EDD has # > 1. Itis always less than.01 for fixed size packet

the same achievable utilization as the RCSD class whennetworks and).05 for variable size packet networks.

the flows are CBR. Thus, to determine whether the non  We repeat all the experiments that we have presented so
negligible increase in utilization of RCSD server is due to far by increasing all the delay values byoms. Figures 9

the additional buffer employed by it or the restriction that and 10 plot the maximum average gain for fixed size and

we had placed on GR, in the next section, we repeat thevariable size packet networks, respectively. As the figures
experiments with the unrestricted GR class. demonstrate, there is no significant change in the results.

4.3 Experiments with Randomly Generated

4.2 Experiments with Unrestricted GR Class Flows

In the unrestricted GR class, the reserved rate> r; In our experiments so far, we have assumed that there are
that will meet the end-to-end delay requirement of flpw  only two types of flows at a server. In this section, we de-
can be derived using: termine the difference in achievable utilization when the

flows have heterogeneous characteristics. To achieve this
objective, we generate a list of flows that have hetero-
geneous characteristics and then determine the subset of
flows accepted in RCSD and GR using two huds:

1 R
dy = Uf}Tf + Kdy (18)

where we have assumed thet = d;. Observe thatthere 1 \ye consider flows for acceptance in sequential order

are several combinations dt; andd; that will satisfy and determine the subset of flows that are accepted
(18). Hence, to determine bofk; andd;, we need one by a RCSD server using the schedulability conditions
more constraint. presented before. We then determine the subset of
To develop this constraint, we will assume that the flows accepted by a GR server in two steps:
scheduling algorithm at each of the servers is Delay EDD. ]
The schedulability conditions for Delay EDD for variable + We determine the subset of the accepted flows
size and fixed size packet networks are given by (11) and that can be scheduled by a GR server using the
(12), respectively, with; and R; substituted for; and schedulability conditions for Delay EDD and
r¢, respectively. From an examination of the schedulabil- €=0.1,0.3,0.5,0.7,and0.9.
ity conditions, we conclude that neither very high value of o If all the flows accepted by RCSD are accepted
Ry nor a very small value of; are desirable. Hence, to by GR, we determine the subset of the remaining

balance these two tradeoffs we choose minimum value of flows that can be accepted by GR.
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Let @" and@? be the set of accepted flows in RCSD we conclude that additional buffer does not increase the
and GR, respectively. Define utilization of RCSD and achievable utilization of a network providing determinis-
GR servers, denoted by" and u¢ respectively, as  tic guarantees. Furthermore, contrary to intuition, use of

ut = & Y ieqr i andu?! = o Y ieqa i WhereC additional buffer may decrease the achievable utilization
is the link capacity. Then RCSD utilization gaifi; significantly.
is defined asi/” = ¥ u‘g“g. It may be argued that since additional buffer does in-

, ) ) ) crease utilization sometimes, although by very small per-

2. This method is the same as the previous with the only ¢o4qe it may be used only when it increases the utiliza-
change that roles of GR and RCSD are reversed. I o ang not otherwise. However, an algorithm for deter-
zhg'ffrase' we define GR utilization gaifif as: U = mining when to use additional buffers such that utilization
T always increases is not known. Furthermore, in many of

our experiments in the previous section, the schedulability
region is similar in structure to the hypothetical example
shown in Figure 2. In such a case, the utility of additional

buffer is dependent not only on the characteristics of the
flows but also the specific combination of flows that have
to be supported. Thus, it may be difficult to determine util-
ity of additional buffers in a network where the set of flows

may change dynamically.

In our experiments, we have focussed on the gain in
with uniform probability. We choose burstiness facter aximum ach|evable' ut'|l|zat|or.1 of a netwprk. Tho.u.gh
buffer does not help in increasing the achievable utiliza-

uniformly from its range and sey = b,l;. Alistofflows ;o5 %o e argued that it may improve other measures
consists of such randomly generated flows and has at most_; Y g y 1mp

one flow more than that required to ensure that the aggre-Of network performance such as call blocking probability.
) o " ~ However, our experiments indicate that this is unlikely as
gate rate of the flows in the list is at least that of the link ; . ;
capacity. most 09% or higher) of the times, the maximum average
We cénducﬁ experiments and generaie0, 000 lists in utilization gain is0. Unless the flow arrival process is such

each experiment. The ranges for all the factors other thanth‘r’lt the network operates most of the time in the small re-

delay are kept same in all the experiments. The rangesgion where the maximum average utilization gain is non-
that we choose arébyuin, bymae] = [1, 20], [l ' Irae] = zero, buffer would not yield reduced call blocking proba-

bilities.

In an experiment, we generate a large number of dif-
ferent list of flows, determiné/” and /¢ for each list,
and determine the cumulative distribution function of both
the metrics. The lists of flows are generated as follows.
We choose range of burstiness fadtos;., bma], packet
Iengthqlmzn 3 lmax]y rate[rmina rmax]y delay[dmina dmax]y
and number of servers on the pgkh,i., kma.]. We then
generate the quintupler;,r;,1;,ds, Ky) for a flow by
choosingr;, {;,d;, and K; from their respective ranges

ﬁ:jf}fii]x]blti [[g’:”i%’]rmflfr]] e ;ix[ﬁ]&é?gﬂ ;l;/gjésart]r?at Though additional buffer at the servers does not in-
we choose for delay aref25,200] ms, [100,200] ms, crease aphlevable utI|IZ§tI0n when a n'etwork provides de-
[100, 300] ms, [100, 400] ms, [100, 500] ms, and[100, 600] terministic guarantees, it may be deslrable for other rea-
ms. Figures 11(a) and 11(b) plot the metrics and {79 sons. If the burstiness of the sources is not smoothed at the

edge and additional buffer is employed at the switches to
demonstrate. in most cases. RCSD has lower utilization absorb the burstiness, then due to the resultant overall work

than GR, but the loss decreases with increase in the uppelconservmg nature of the systems, the packets of sources

bound on delay. Observe that the distribution of the gain will experience smaller average delay. I':u.rthermor'e, a T‘Et'
in utilization of RCSD is similar to the experiments con- work may be able to achieve better statistical multiplexing

ducted in the previous section. Hence, it appears that theOf best effort packets and thereby achieve higher overall

results are not very correlated with the particular choice of th,ro,“ghp“t [,12]' Finally, a netwgrk that SUPPO“S deter-
ministic service as well as a service that provides guaran-

for these experiments, respectively. As both the figures

arameters. '
P teed throughput, but not delay, may be able to employ addi-
. . tional buffer for deterministic service to increase its overall
5 Discussion utilization [2].

The experiments in the previous section demonstrate that,

in most cases, RCSD networks that employ non-CBR 6 Concluding Remarks

shapers have lower achievable utilization than GR net-

works. In few cases that they have higher utilization, the A theoretical investigation to determine whether source
increase is small. Since RCSD networks with non-CBR traffic should be completely smoothed or not when a net-
shapers have higher buffer requirement than GR networks,work provides deterministic guarantees has been carried
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out in [5].

a network providing deterministic guarantees.

In this paper, we took a step towards determining the
effectiveness of buffer in increasing achievable utilization
of networks providing deterministic guarantees. To de-

However, [5] makes several simplifying as-
sumptions (for example, the differences in the delay re-
qguirements of flows are not accounted for) that make it in-
applicable to the more general problem that we have in-
vestigated. We are not aware of any other theoretical or
experimental study that investigates the utility of buffer in

termine the increase, we classified the packet scheduling

algorithms as either belonging to the class of Guaranteed
Rate (GR) scheduling algorithms or Rate Controlled Ser-
vice Disciplines (RCSD). We experimentally determined
the difference in achievable utilization of RCSD and GR
servers when RCSD servers employ additional buffers.

Our experiments demonstrated tlaintrary to intuition

in most cases, additional buffers in a network of RCSD
servers do not lead to higher achievable utilization. This
experimental result indicates that if a source desires deter-
ministic bounds on packet delay, then the traffic should be

completely smoothed at the source [9].

Though our experiments explored large parameter space

(more than 100,000 schedulability regions and 700,000
sets of flows were generated), they are not exhaustive.

Hence, they should be considered as the first step in evalu-

ating effectiveness of buffer in increasing achievable uti-
lization of networks providing deterministic guarantees.
We plan to extend this study in several ways. For exam-
ple, we plan to evaluate the effectiveness of buffer for de-

terministic guarantees when the sources are characterized

by models such as D-BIND [11].
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