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Abstract a network is the number of connections that the network can
serve (hence network utilization) without violating the desired
In a network of bufferless packet multiplexers, the usedound. The virtual leased-line model offers significant im-
perceived capacity of an ingress—egress tunnel (connectigipvements in the connection-carrying capacity of transit net-
may degrade quickly with increasing path length. This igorks compared to services based on lossless multiplexing
due to the compounding of transmission blocking probabike.d., TDM-based leased lines) [15].
ities along the path of the connection, even when the links are ) ) _
not overloaded. In such an environment, providing users (e.%he connection-carrying capacity of a network depends on
client ISPs) with tunnels of statistically guaranteed bandwidti{'€ @mount of buffering available for contention resolution
may limit the network’s connection-carrying capacity. at the core nqdes_(routers or_swnches). This is true for every
work-conserving link scheduling rule (e.g., FCFS). However,
In this paper, we introduce and analyze a transmissio§ome scheduling rules may perform better than others with
scheduling algorithm that employs randomization and trafimited buffers. In other words, for a given router buffering
fic regulation at the ingress, and batch scheduling at ti@pacity, a network’s connection-carrying capacity depends
links. The algorithm ensures that a fraction of transmissior@ the link-scheduling algorithm used at the core routers.
from each connection is consistently subject to small block- _ o
ing probability at every link, so that these transmissions af8 this paper, we consider the problem of transmission
likely to survive long paths. For this algorithm, we obtainScheduling in networks of time-slotted bufferless links to
tight bounds on the expectation and tail probability of th@rovide _wrtual Iqased—lme_serV|ces—eff|C|entIy in terms .of
blocking rate of any ingress—egress connection. We compdfgnnection-carrying capacity. We assume the connections
the bounds to those obtained using the FCFS link-scheduli@§e Peérmanent: once admitted a connection remains in the
rule. We find that the proposed scheduling algorithm signiff€twork.  Thus the scheduling is one of maximizing the

cantly improves the network’s connection-carrying capacityumber of connections the network can admit without vi-
olating the blocking rate guarantees. The links are buffer-

In deriving the desired bounds, we develop an analytic framéess in the sense that buffering can be used for alignment of
work for stochastically comparing network-wide routing andrriving packets with time-slot boundaries but not for con-
bandwidth allocation scenarios with respect to blocking in gention resolution. The focus on networks with small or no
packet multiplexer. The framework enables us to formallgontention-resolution buffers is motivated by the emergence
characterize the routing and bandwidth allocation scenari®$ high-speed routers using on-chip static RAM implemen-
that maximize the expected blocking rate along the path oftation of packet buffers [1], and all-optical packet switches
tagged connection. where buffers can be implemented using bulky fiber delay
lines [12]. We limit this exposition to the bufferless case, as
opposed to the case where links may have very small buffers,
in order to sidestep the analytical complications caused by
the loss of traffic characterization upon traversing a buffered
Transit networks often provide a “virtual leased-line” servicéInk [9,14].
in the form of ingress—egress tunnels (connections) of guatyy the class of networks considered in this paper, links are
anteed capacity. The user of the transit network, for examplgyodeled as follows: define trepeeduf a link as the max-

a lower-tier Internet Service Provider, is guaranteed a statignym number of constant-size packets that can be simulta-
tically bounded and small transmission blocking rate (€.gneously served by the link during a time slot. Each link is
fraction of lost packets) as long as it injects traffic into thequipped with a number adlignmentbuffers equal to the
tgnnel without violating a certain input traffic characterizajini’s speedup. Packets arriving at the head of a link within a
tion. time slot are stored in the alignment buffers. The stored pack-
ets are then transmitted at the beginning of the following link
Biot. This model is representative of optical fiber links in a
transit network. A link with speedupmodels an optical fiber
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1 Introduction

Given a desired statistical (upper) bound on the blockin
rate of all connections, theonnection-carrying capacitgf




through wavelength division multiplexing (WDM). Improved 1.1 Overview of Proposed Solution

speedup is not without cost: incrementing the speedup offes an alternative to EA, we introduce a scheduling algorithm,

link requires an additional optical transceiver at each of thBATCH, where, at every link, transmission requests from each

link's ends. connection are presented to the link in batches. Each batch
covers a futureeservation epocbf fixed duration. Transmis-

For bufferless links, FCFS scheduling degenerates into a nafon requests are scheduled at a link in the order of reception
ural scheduling algorithm that we refer to as the Earliest Alof the corresponding batches.

rivals rule (EA). In EA, packets arriving within a slot are
considered for transmission in their order of arrival. If theBATCH specifies rules for generating time slot requests at the
number of packets arriving at the link within a time slot exingress and for scheduling requests at core links. It also re-
ceeds the speedup, excess packets are blocked. Careful repdres the ingress to perform “phase randomization” to re-
ing of the results in [14] shows that EA would result induce the likelihood of synchronized (completely overlapping)
good connection-carrying capacity only when links have largeeservation epochs among different connectionstd im-
speedup values. At small values of speedup, the transmissigmeves the transmission-blocking rate for connections travers-
blocking rate of a connection deteriorates quickly with ining a large number of hops by guaranteeing that a subset of
creasing path length, even when links are lightly loaded.  transmissions from each connection are consistently subject
to small blocking probability at every hop—even when the

The high cost of optical transceivers needed to increase tBgpected blocking rate at the links is comparatively high.
speedup of a link raises the question of whether there are

scheduling algorithms that support good connection-carryings results and Contributions

capacity at small speedup values. In this paper, we presegfe naner reports quantitative and qualitative results charac-
such an algorithm in the context of a reservation-based tra%’rizing the performance of &cH. We obtain a tight bound
mission control framework that is of practical importance "bn the expected blocking rate of any network connection un-

networks carrying loss-sensitive (e.g., TCP) traffic. Beforge poth EA and BrcH as a function of the speedup and load
presenting an overview of the proposed algorithm and the a0F the links. Moreover, for BrcH, we obtain a bound on the
alytical results, we describe the reservation-based framewqk probability of the blocking rate.

and state how the EA scheduling rule applies in its context.

. i , The expected blocking rate bound defines a tradeoff between
The reservation-based framework implements virtual Ieasqﬁe path length and link utilization. The tradeoff is of practical

Im_es_ as follows: each conn_ectlon regularly_ ge_:nerates rangse in deriving path length and load constraints on connection
mission requests for future time slots along its iNgress—egress iing. Numerical results show that, at small values of link

path. Arequest may be blocked due to contention atany linkyeequp. the algorithm achieves significantly better tradeoffs

If a request is not blocked, the egress sends an acknowle(égénce connection-carrying capacity) compared to EA.
ment back to the ingress. Packets entering the transit network

are buffered at the ingress and grouped into slot-sized datfe qualitative results are summarized as follows. First, we
frames. The data frames are then released into the bUﬁerl%W that B\TCH ensures correlation among Schedu"ng deci-
network according to the schedule of acknowledged reservgions at different links so that a subset of the transmission re-
tions. In the context of this framework, the order of arrivals aauests in each reservation epoch are Subject to b|ocking prob-
alinkin the EA rule is the order of receiving the transmissiorpijlity less than the expected blocking rate at every hop (The-
requests for a particular time slot (as opposed to the order gfem 2, Section 8). SecondABcH is fair in the sense that
arrival of the corresponding data frames). connections sharing a link have equal bounds on the expected

) . blocking rate at that link (Theorem 3, Section 8). The fairness
Observe that with acknowledgments each ingress—egress Clisi¢ implies that BrcH does not give favorable treatment

nection behaves as a lossless pipe of cf';\nglty equal to the "W %onnection traversing long paths at the cost of penalizing
of successfully acknowledged transmission requests. LOSger connections

can only occur at the ingress due to buffer overflow. If the

ingress is equipped with appropriately large buffer, loss 0Gzjven the load at the links, the bounding analyses require the
curs only due to the difference between the packet arrival rag®aracterization of “worst-case” routing and bandwidth allo-
and the rate of successful reservations over a time scale Mugdtions scenarios (regimes) that maximize the expected block-
longer than a time slot duration. This allows Ioss-sensitivmg rate for a tagged connection at every link it travers@e-
flows such as TCP and its high-speed variants [5, 7] to fullyard this end, we define a stochastic order relation among the
utilize the virtual pipe of successful reservations. Given afegimes that result in a prescribed load value at a particular
expression for the tail of the blocking rate distribution of gink. The order relation is defined with respect to the distri-
connection, the network operator can overprovision the bangytion of contentionat any time slot (number of requests for

width allocated to the connection so that the expected raiglink time slot). This analytic framework leads to necessary
of successful reservations is arbitrarily close to the nominal

connection bandwidth allocation. Additional details about the 'Because of the fairess property, the expected blocking rate over all con-

reservation-based framework can be found in [4]. nections sharing a I.|nk is the same as the expected blocking rate of the tagged
connection at that link.




and sufficient conditions for maximal expected request bloclproposed transmission-scheduling algorithmT8H. In Sec-
ing rate (i.e., maximum given the value of the load) at the linkion 5, we identify conditions on routing and bandwidth allo-
This characterization of worst-case regimes provides a prooétion that result in maximal expected blocking rate at every
of the observation in [16] that the buffer overflow probabilitylink along the path of a tagged connection. Bounds on the re-
in a multiplexer of regulated streams is largest whenever eagliest blocking probabilities at a link are derived in Section 6,
stream has the minimum bandwidth allocation. and bounds on the expectation of the blocking rate and its
tail probability are obtained in Section 7. The correctness and
The analysis yields a product-form bound for the blockingairness results are presented in Section 8, followed by numer-
probability of individual transmission requests in terms of thﬁta| results in Section 9. Fina”y’ we present our Conc|uding
blocking probability at the link. Analysis of the request block+emarks in Section 10.
ing probabilities at a link builds upon the blocking probabil-
ity in a constant-service time multiplexer of periodic streams.
The blocking rate bounds are tight since they represent the
performance of a connection routed along a set of links where

the conditions for maximal expected blocking rate are satis- . _
fied. Blocking in a network of bufferless multiplexers (links)

has been analyzed in [14] using an approximate fluid-
multiplexing model. The fluid model builds on the fundamen-
1.3 Related work tal assumption that, at each (arbitrarily small) time step, a link

Research related to resource management in networks Wi Simultaneously serve traffic from any number of connec-
limited buffers within the optical packet and burst switchiions as long as the sum of their instantaneous transmission
ing communities focuses primarily on system performancites does not exceed the link capacity. In this section, we
metrics, such as switch and network throughput as opfdentify some limitations of the fluid model and introduce the
posed to quality of service guarantees (See [2, 12] and réfak model used in this paper.
erences therein). When links are slotted and without con-
tention resolution buffers, Optical Burst Switching (OBS) id-imitations of the fluid model
a reservation-based transmission control scheme that impl&hen used to predict the performance of bufferless multiplex-
ments the EA scheduling rule. ers of packetized traffic, the fluid model may underestimate
the blocking probability: If the multiplexer serves packets se-
Research on statistical quality of service guarantees focusgsentially (as a single server system), the fluid assumption
mostly on devising scheduling strategies that support packgtated above) does not hold for time steps of length equal
delay guarantees assuming that contention resolution buffetsor smaller than the packet transmission time. As a result,
are large enough to prevent packet loss (for example, see [18¢ fluid model fails to account for blocking due to multiple
and reference therein). arrivals within a packet transmission time.

2 Bufferless Multiplexing Model

Work on statistical loss guarantees typically aims at derivFhe quality of the fluid approximation is sensitive to the rela-
ing bounds on the tail probability of the queue size at a linkion of the link capacity to connection peak transmission rates.
given an input traffic characterization. The bounds are theThis follows from the fact the peak transmission rate of a con-
used in dimensioning the link buffer size to achieve a desiragection can be chosen arbitrarily and remains constant across
loss rate [8,11,18]. Today, transit networks providing virtuall time scales. For example, if the link capacity is larger than
leased-line services rely on this buffer-provisioning approackhe sum of peak transmission rates for all connections sharing
Obviously, it is not applicable when buffer capacity is limitedthe link, blocking never occurs in the fluid service model irre-
by technological constraints. spective of the load.This is again in contrast to the behavior

of packet multiplexers where the peak transmission rate of ev-
The work by Reisslein et al. [14] provides a bufferlessgry connection is—by force—equal to the link capacity at time
multiplexing framework for supporting statistical delay guarscales shorter than or equal to the packet transmission time
antees in multihop networks. Using traffic regulation at th%time slot). Under heavy load, blocking occurs frequently in
ingress and bufferless multiplexing at the core, they transforgipfferless packet multiplexer due to the coincidental arrival
the problem of providing ingress—egress delay guarantees "Hf)multiple packets within a time slot.
one of providing loss guarantees. The loss bounds are ob-
tained using an approximate fluid-multiplexer model. In th@ue to the above limitations, the fluid approximation is in-
next section, we argue that the fluid model may severely uadequate for computing bounds on the blocking performance
derestimate the blocking probability in packet multiplexersin networks of bufferless packet multiplexers. However, the
and specify the speedup-based model adopted in this papeperformance bounds obtained using the fluid model in [14]

can be interpreted as highlighting the performance gains that

The remainder of the paper is organized as follows. We ch&f2n Pe obtained by provisioning each link to act as a multi-

acterize_ the performance_ of the EA rul_e under the speedup-2|n this case, the load can be made arbitrarily closewdthout incurring
based link model in Section 3. In Section 4, we present thew traffic loss by having connections transmit at peak rate more frequently.




server system capable of serving multiple packets in each tirds mentioned previously, the high cost of optical transceivers
slot. The issue becomes whether the scheduling rule affextcessary to activate additional wavelengths (that is increase
the amount of overprovisioning needed to achieve the desirdte speedup of a link) drive the interest in scheduling rules

performance bounds. that perform well at relatively small values of speedup. In the
next section we find that the Earliest Arrivals (EA) rule does
Bufferless packet multiplexers with speedup not satisfy this requirement.

Now, we extend the statistical benefits of simultaneously serv-
ing multiple connections to packet multiplexers by explicitly
modeling the link as a time-slotted multi-server system. This
link model enables us to differentiate among link schedul-
ing rules with respect to the number servers (e.g., optic
transceivers) required per link to achieve a desired blocki
performance.

3 Performance of the EA Rule

ne',lonsider the example introduced in the previous section. Un-
er the EA rule, the probability of blocking a packet (or trans-
mission request) from a tagged connection is bounded by the
Bﬁobability thats or more connections, out of the remaining

— 1 connections, choose the same slot as the tagged con-
nection® Denoting this probability with3, we have:

During each time slot, the instantaneous rate of a connecti
is a binary random variable assuming the valuel of the
connection requests transmission during that slot,(aath-
erwise. A link can serve transmissions from a number of con- N_1 ; Neli
nections not exceeding ispeedupvalue. Under this speedup 8= Z (N - 1) (1> (1 _ 1) e
model, a bufferless link is a multi-server system where the P i M M

number of servers is equal to the speedup, and all servers have

the same constant service time. ] )
Suppose that packets from a given connection are blocked at

We demonstrate the role of speedup using an example tiggch link according to an independent bernoulli trial. Then
later turns out being of particular interest. Consider a linkhe probability of blocking of a packet along a path /of
multiplexing N periodic connections. Each connection ofdinks (identical to the one under consideration) is bounded by
fers to the link one packet exactly evefy slots. Tak- 1—(1— B)". This is also the expected value of the blocking
ing any M consecutive link slots (a period of the link) asrate (fraction of blocked packets) experienced by a connec-
a reference, each connection is equally likely to offer it§on. In Section 5, we find that the example above represents
packet during any of thé\/ slots. Furthermore, the slot a worst-case analysis of the blocking performance under EA
choice of each connection is independent from other conneghen traffic entering the network is shaped at the ingress into
tions. Lets be speedup of the link. Then, for a given loadperiodic streams to minimize the blocking rate.

v e {0,1/M,2/M,...,(M — 1)/M}, the number of con- S )
nections,N, has to satisfyV = v s)M. To visualize the performance of EA in terms of a network’s
connection-carrying capacity, we plot the tradeoff between
Suppose that speedup is increased by a fagtior order to  the link utilization and the path length to maintain a desired
scale the link capacity by the same factor. The load can ®und on the expected blocking rate. We refer to such trade-
kept the same by either (1) increasing the number of conneeffs as ‘U-P tradeoffs.” Poor tradeoffs indicate that the net-
tions N by a factorf while keepingM fixed, or (2) keep- work can provide blocking guarantees only at light link loads
ing the number of connections fixed by increasing their bandsmall number of connections sharing each link) and prevent
width allocations by a factof, which is equivalent to shrink- routing traffic over long paths, thus implying poor network
ing M by the same factor (given that in the current examplgytilization. Figure 1 shows thé&-P tradeoffs at different
each connection requests exactlglot every)M). In either value of the link speedup. They are obtained by fixing
case, increasing the speedup at a fixed load results in if\- = 128 connections and setting the peridd according
proved link blocking performance. The improvements in théo the speedup and the desired link load. The plots indicate
first case can be established only in the limitgand by pro- that speedup plays a major role in determining the network’s
portionality V') approachso, for example using CLT. Since connection-carrying capacity. For instances at 1 and link
we are contemplating the problem of multiplexing ingressload of only 10%, the network cannot support an expected
egress traffic aggregates, which are naturally limited in nuniplocking rate of0.1 for connections traversing more than a
ber, we are not interested in such limiting regimes. few hops. On the other hand, when= 100, the network
can support an expected blocking rate bound.62 at link
For the second case, suppose the slots within the reference gtitization above85% for connections traversing more than
riod are numbered throughM/. Let~; ; be a bernoulli ran- 25 hops. The middle plot shows that, even at speedup as
dom variable that assumes the valuiéconnection: chooses large as20, supporting an expected blocking rate bound of
slot j (i.e., with probabilityl /M). Then the number of con- (.1 severely limits the diameter of the network.

L

nections requesting slgtis v, = Z?Ll 7i,;- By the Chernoff

3Since EA is defined for traditional and reservation-based packet
. —s(1-v)%/(3

bOl_Jnd, forl/2 S v < _1- Pr{v; > s} <ee =)/ (v) switches, we use the terpacketto refer to actual packets or to the corre-
which drops quickly as increases. sponding transmission requests.
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link speedups = 1, middle: s = 20, right: s = 100. Each contour is the locus of a constant expected blocking rate iritRe
plane.

In the remainder of the paper, we introduce an alternahe schedule of acknowledged transmission reqdests.
tive transmission-scheduling algorithm and compardthe
tradeoffs it supports with those of EA. We find that the proThe transmission requests are transmitted from the ingress

posed algorithm supports significantly better tradeoffs. router in the form of reservation packets that are processed
by core link schedulers as they traverse the connection’s path.
Remarks. A link scheduler may block requests due to contention. To

The bound in (1) can be improved by assuming that the timavoid contention between data and reservation traffic, we as-
slot request by the tagged connection is equally likely to beume, as in burst-switched networks [13, 20], that reservation
received in any order among thier 1 connections contend- traffic is transmitted out-of-band over special control chan-
ing for the slot (i.e., by multiplying the summand b‘y%) nels, and are processed in each router in a dedicated control
However, this assumption does not hold in general due fdane®

traffic phase effects that arise in multiplexing regulated traf-

fic (See [6] and references therein). BATCH is composed of an ingress algorithm for the genera-
tion of transmission requests, and a link scheduling rule.

Though the EA scheduling rule can be modified to realize

the assumption by randomly accepting a subset of lesgth ) )

from thei + 1 transmission requests contending for the sloft-1 The ingress algorithm

this may lead to practical complications. In the reservationihe ingress router periodically sends a reservation packet

based framework described at the beginning of this paper,3#nd the path of the connection. Each reservation packet con-
a request arrives for a time slot that already hasheduled (@ins the batch of time slot requests covering a futeser-
packets, a victim would have to be chosen at random from ti@tion epoctof fixed duration. The time between successive

s + 1 contending requests. Canceling an existing reservatidinsmissions of reservation packets at the ingress is equal to

results in wasted resources on downstream links and comgf€ duration of a reservation epoch so that a new epoch starts

cates processing of acknowledgments. A different compliMmediately at the end of the preceding one. The duration
cation arises in traditional packet switches (without reservf time between the transmission of the reservation packet
tions) because alignment buffers are typically implemente"&nd thg start o_f the corresp_qndlng reservation gpoch_|s called
at the routers’ input interfaces rather than at the output linkd2€ horizon Figure 2 specifies the timing relationships be-

choosing a random subset of packets destined to the same JIEEN EVENts in the reservation process for two consecutive
put is best done through a central arbiter, which can itself bE€S€rvation epochs at the ingress of a connection. In addition,
come a bottleneck in routers with large number of interfacdg'9ure 3 shows the timing relationships between events for a

and link speedup. single epoch over two consecutive links.

The ingress algorithm specifies the requested slots by the con-
nection within each epoch, and performpisase randomiza-

tion as described next.
4 The BATCH Scheduling Algorithm

The BATCH S_ChedU”ng a|90rithm_i5 defined in the Con_teXt Of  4Arriving packets are grouped into constant-size frames at the ingress
the reservation-based transmission framework described eaiiter.

lier. In the reservation framework, the ingress border router 5The volume of reservation traffic generated by a connection should be

: : de much smaller than the volume of its data traffic by the appropriate
of a connection regularly generates requests for time slots ::%{[:)ice of the frame size [19]. We assume that the capacity of the control

a rate equal to the_ connection’s b‘_"mdw'dth allocation, anq I'iannels and router control planes are dimensioned so that no reservation
leases constant-size data frames into the network accordingrtdic is lost.
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Figure 2: Timing diagram of the reservation process at th&igure 3: Timing diagram showing the pattern of requested
ingress of a connection for two consecutive epochs. slots by a connection on two tandem links.

4.1.1 Pattern of requested slots: Let sy be the ca- gether, these parameters determine the duration of a reserva-
pacity of the first link along the path of a connectiorin  tion epoch, which is common for all connections. The actual
frames/second, whereis the link’s speedup. Since a con-batch size for a connection is determined by the connection’s
nection can inject at most one data frame per time slot intsandwidth allocation.
the network, frome’s point of view the link capacity is simply
1 slots/second. Further, Iptdenoter’s bandwidth allocation It should be clear that the time complexity of the algorithm is
in frames/second. The ingress of connectiochooses the O(1) per transmission request. We discuss the storage com-
slots to request according to the staircase funatigp(t) =  Plexity of the algorithm in Section 10.

[tﬁ , t > 0, which specifies the number of requested slots

in an interval of lengtht slots. Precisely, if connectionre-
quests its first slot at,, then for all= > 7,, connectionc 5 Analysis Framework
requests slot iff a, (7 — 7, +1) > a, (7 — 7). The
staircase pattern limits the variation in the number of slots b§s the remainder of the paper, we analyzeTBH to obtain
tween two consecutively requested slotsth Inthe absence ,nds on the expectation of the blocking rate experienced by
of blocking, this minimizes both the maximum and expectedy, arhjtrarily tagged connection and its tail probability. The
inter-transmission delay. analysis of blocking is probabilistic due to phase randomiza-
tion at the ingress routers (Section 4.1.2).

4.1.2 Phase Randomization: Upon the initialization ) ]
of a connection, the ingress picks a phase shift uniformly Ve seek bounds parametenzed by the load at each IInI'< along
random from the length of a reservation epoch. The phade Path of the connection. These bounds must be obtained by
shift is added to the horizon and the time of initialization tg2Nalyzing the transmission-scheduling algorithm under con-
obtain the starting slot of the first reservation epoch. Pha&#fions that maximize the blocking rate at each link, given
randomization ensures that, at every link, reservation epocig 10ad. In this section, we identify necessary and sufficient
from different connections overlap at random phases. It p|a)t;§ndlt|ons for maximal blocking rate at a link. We then char-

an important role in determining the blocking performance gfcterize the network-wide bandwidth allocation and routing
the scheduling algorithm (Section 6). scenarios, callecegimes under which these condition holds

at every link along the connection’s path. The characteriza-
) ) tion is defined over all possible sets of ingress—egress con-
4.2 Link scheduling rule nections and bandwidth allocations. It is independent of the

Core link schedulers sequentially process reservation paCkﬁFﬁoscheduling rule, thus can be used in the analysis of EA
(request batches) in the order of reception. Requests withirhg well as BTCH.

batch are also scheduled sequentially or in parallel. Each link
scheduler maintains a time-slot availability vector indicatingve begin by stating our modeling assumptions and establish-

the number of frames scheduled for transmission within eaghg some properties of the pattern of slots requested by a con-
slot in a bounded interval. The number of frames schedulgfkction at any link.

for transmission during a slot is at most equal to the link
speedups. If a new request arrives for a slot having Iess5
thans scheduled frames, the request is granted. Otherwisel_i'
is blocked.

1 Notation and model assumptions

ét L ={1,2,...,L} represent the set of links in the net-
work, and letC; be the set of connections sharing lihk L.

Let 1; denote the capacity of link in slots/second and let
The scheduling algorithm is parameterized by a globally de; > 1 be its speedup value. Further, denote the bandwidth
fined minimum bandwidth allocation in frames/second andllocation of a connection by p. frames/second. A connec-
the minimum batch size (number of requests within a batdiion can request at mogttransmission per time slot at any
for a connection having minimum bandwidth allocation). Todink irrespective of the speedup. Thus we have< p,; for



%, (TT5+1) Property 2 Consider two tandem linkg, andi;, 1, along the

path of a connectiomr. If the pattern of slots requested by
onl; is defined by, ,, , then in the absence of blocking, the

pattern of slots requested lyon [, ; is defined byxpmmlﬂ.

T T+2 T4 T+6 8 slots
If the connection experiences blocking upstream of a link

Figure 4: An example envelope pattern generatednby ,, (- —  the functiona,, ,,, defines arenvelope patterfor c atl: re-
7o + 1) wherep. /u = 2/5. Any sequence of consecu- quested slots follow exactly the periodic pattern defined by

tive link slots of lengttb is a period of the pattern. a,, ., €xcept for the requests missing due to blocking up-
stream.

every linkl andc € C;. The analysis is carried-out under theThe following is a direct consequence of Property 1.
following assumptions:

Property 3 The pattern of the requested slots on a lirdue
(M1) Links are not oversubscribetij pe < sy forall . to the superposition of the patterns defined by, ., |c € C;}
ceC, is periodic with a period sizd; equal to the least common

i , i , multiple of the sizes of the connection periods.
(M2) Connection bandwidth allocations and the link capaci-

ties are integral multiples of a minimum allocatippn
Let T} ; be the denominator of the rational numb&rin its
(M3) Connection phases are statistically independent. simplest form. (i.e., the period size of a connection of min-
imum allocation at linkl. Then by assumption (M2}, ; is

Despite (M1), blocking still occurs whenever the number of" integral mult|_ple off;. We refer to any sequence of length
,.1 of consecutive slots ohas the period of link. We state

connections requesting transmission during a link slot egj_ e _
ceeds the link speedup. Since the minimum allocagipn NS @s a definition for ease of reference:

can be made arbitrarily small, assumption (M2) simplifies the

analysis without any loss of generality. Assumption (M3) repefinition 1 (Link period) LetT}, ; be the size of the period
lates to the randomization of connection phases at the ingres§a connection of minimum allocatign at link I. Then any

routers. It implies that slots requested by two different consequence of consecutive slots of lerifith on is called the
nections at a link are statistically independent, unless thepgriod of linki.

connections share an upstream link.

Using the properties developed in this section, we now char-
acterize the routing and bandwidth allocation scenarios that
lead to maximal blocking rate at a link.

5.2 Transmission request patterns in BTCcH

We say that the request pattern of a connectiansome link
is defined byy, ,, if for some starting slot, onl, the pattern
matches the one generated fram ,, using the ingress rule

(Section 4.1.1). 5.3 Conditions for maximal expected link blocking rate
As described in Section 2, in our packet-multiplexer model,
Let (11,12, ...,1) represent the path of a connectianThe request blocking occurs at a link whenever a number of con-

pattern of connectioris request ot is defined by, ,, . It nections, larger than the speedup of the link, contend for the
is straightforward to show that this request pattern is periodisame slot. Since contention at a link may be affected by
blocking at other links in the network (e.g., upstream links),

) . we define contention as follows.
Property 1 LetT,; be the denominator of the rational num-

ber p./u in its simplest form. Then the request pattern de-
fined bya,, ,, is periodic with period siz&, ; slots®’ Definition 2 (Contention). Let- be a time slot on some link
in the network. Contention at under a regimé& (a network-
. . . . . wide routing and bandwidth allocation scenario), denoted
Figure 4 is an example illustrating the periodicity of the enve)—é:' is a random variable representing the number of requests
lope pattern whep,/u; = 2/5.

for slot 7 underG.

It is easy to see that the periodicity of the pattern of slots re-

quested by the ingress is maintained across links of differemhe probability of blocking at a link is the probability of con-

capacity, except for missing requests due to blocking at ugention at any slot exceeding the link speedup. Then, the prob-

stream links. ability of blocking at a link is maximum when contention at
6A function £ is periodic with period., if for all - f(z + L) = f(x). every slot, as a random variable, is (stochastically) maximum

7A rational number is in its simplest form when the nominator and thgJiven the prescribed link load:
denominator have no common divisors.




Definition 3 (Regimes of Maximal Contention) L&tbe the all connections have minimum transmission rates. That is,

family of regimes that satisfy a prescribed load at linkA  when the number of statistically independent periodic sources

regimeG* € G is said to result in maximal contention at link contributing to the load is maximum. Although at first glance

1 if for each slotr onl, Pr{x&" > x} > Pr{x% > «x} forall  this appears to be an obvious result, it becomes less so un-

G € G andk > 1. Equivalently, for eacli- € G, G* is said  der careful consideration. On one hand, if each connection

to result inhigher contentiorat I compared taG. requests only slot per link period (i.e., has minimum band-
width allocation), there is a better chance that the link receives

The above definitions provide a convenient language for re@-large number of requests for the same slot. This is because
soning about conditions that maximize the expected blockeduests by the same connection must be for different slots.
ing rate at a link without any assumptions about the schedypn the other hand, when a connection requests multiple slots
ing algorithm used (except work conservation). It is easy tBer link period, because of periodicity, each request falls into
see that if a regime results in maximal contention at ﬁnk a smaller interval of slots within the link periOd. As a reSUlt,
then it not only maximizes the probability of blocking at anythe probability that a particular slot is chosen by the connec-
given slot (irrespective of speedup), but also maximizes tHioN is higher. This raises the possibility that even though a
expected number of blocking events at that slot. That is, {fewer number of independent connections are contributing to
maximizes the expected blocking rate (as a fraction of tot#fi€ load in the second case, contention at a slot may end up
transmissions) at the link. Furthermore, since the expect&§ing higher, in the formal sense.

blocking rate must equal the average of the expected blockir_}% o )
rate of all connections aeach weighted by the connection’s 1 € theorem implies that the blocking rate of a tagged con-

normalized contribution to the load), an increase in the efiection trayersmg a sequence qf links IS .maX|maI given the
pected blocking rate dtmay increase but never decrease thipad at the links only if the following conditions are satisfied:

expected blocking rate of each connection. Thus, in bound-

ing the blocking rate of a connection under any schedulingyy it competes at each link against a different set of con-
algorithm, we should consider only regimes that maximize ~ actions (which we call, the “background connections”
contention at every link it traverses. at the link), and at every link

Back to our analysis of BrcH. To completely characterize
contention at a link, it is sufficient to study contention over a
single link period. This follows directly from Property 3 given
the definition of a link period (Definition 1). Furthermore, ob-
serve that contention is maximal at a lihénly if the time slot
requests from different connections are statistically indepen-
dent. Otherwise by (M3), a subset of connections must share
at least one upstream link, hence are less likely to contend
for the same sldt.When the statistical independence of time
slot requests is satisfied, we simply say that the connectiomegether (1), (2) and (3) imply that to obtain an upper-bound
sharing! are statistically independent. Building on these tw@n the blocking rate along the path of the tagged connection,
observations, the following theorem states that a regime reach link can be studied in isolation, thus leading to a product-
sults in maximal contention at a link iff all connections routedorm expression for the overall request blocking probability
through the link are statistically independent, have bandwidtilong the tagged connection’s path.
allocation equal tg, (the smallest possible allocation), and
do not experience blocking at upstream links. Remarks. The proof of Theorem 1 uses the properties of the
(staircase) request pattern ofBCH. Itis otherwise oblivious

Theorem 1 LetG be the family of regimes that satisfy a pre-© all other aspects of the schedulir_1g algorithm. Therefo_re,
scribed load at link such that all connections sharirigun- ~ the theorem applies to networks using any work-conserving
der any regime irg are statistically independent. A regime Scheduling rule provided that the pattern of time-slot requests
G* ¢ G results in maximal contention at linkiff for every by all connections follow the periodic staircase pattern.
connectiore routed throughl underG*, the pattern of slots
requested by on! is the pattern defined hypo,m.

(2) the background connections do not experience request
blocking along the upstream portions of their paths, and,

(3) the tagged connection contributes a small portion of the
load at every link so that the blocking it experiences up-
stream does not significantly improve the probability of

blocking of its surviving requests.

When the EA rule is used instead ofABcH in the
reservation-based framework, each reservation packet carries
only one time slot request. If the requests are generated ac-
cording to the staircase pattern, Theorem 1 implies that the
analysis of EA in Section 3 is actually a worst-case analysis
The theorem formally establishes the intuitive observatiopf the request blocking probability along a path of identical
in [16] that the probability of blocking in a multiplexer of pe- links. The same applies when EA is used in the context of
riodic packet streams is maximal at a given load, only wheg traditional packet switching network (without reservations)
8For instance, these connections cannot contend for the same &iét at Provided that packets entering the network are slot-sized, and
the upstream link has speedup that the traffic of each connection is shaped at the ingress into

Proof: See Appendix. n




a periodic strear. Strt of a new epoch | reference epoch

period ‘}slot
In summary, the results in this section provide a framework — N LIL LT ! g
for the analysis of BTcH and comparing its performance to I'V : c ‘ — c;
the EA scheduling ryle. We analyzg the link blocking perfor- — . — : i — 3
mance under BrcH in the next section. — m— “time
Rank: 1 2 3 4

6 Blocking at a Link Figure 5: lllustration of connection ranks.

In this section, we study blocking within a reservation epoch

from an arbitrarily tagged connectienat a linkl. We derive bitrarily small by the choice ofi. Moreover, the value of.

bounds on the probability of blocking of individual requestgloes not have to be very large as the time-slot duration (equiv-

in the batch covering the reservation epoch. The bounds atently, data frame size in bits) can be chosen so dhata

exact expressions for the blocking probabilities under the cosmall fraction of a time slot. In the following analysis, we as-

ditions specified by Theorem 1. They are therefore tight. sume that the probability of violating the order of reservations
is negligibly small.

6.1 Preliminaries . . . :

Consider a particular reservation epoch of the tagged conné&’ notational convenience, we consider epochs starting

. ithin the slots of a period within's epoch, to have started at
tion ¢ as a reference epoch. The reference epoch spaes Wi . . o .
riods at linkl numbered., 2, . ... n. Let N be the number of that period’s leading boundary. This implies that each period

of the reference epoch belongs to exactly one epoch of each

connections sharing link Since all reservation epochs have tion. h db i ket (batch
the same duration, the reference epoch overlaps with eithgynection, hence covered by one reservation packe (batc
requests) from each of them.

one epoch (complete overlap), or two reservation epochs fro

each of thg remaining/ — 1 connections. Complete °Ve"aP Define the rank of a connection during a period as the order
of reservation ep0(_:hs occurs when the regpectlve ConneCt'%}Sscheduling of its batch of requests relative to fiiere-
start (and end) their epochs at the same link slot. guest batches covering the period. Recall that request batches
e processed, without interleaving, in the order of reception
of the corresponding reservation packets at the link’s inter-
ace. We assume that reservation packets are received in the
same temporal order of the starting slots of the corresponding
ep

Due to phase randomization (Section 4.1.2), reservati
epochs from each @V — 1 connections overlap with's ref-

erence epoch at a uniform random phase. That is, each ¢
nection is equally likely to end their current epoch and start

new one at any slot within the reference epoch. ochs.

Suppose that we can ignore upstream processing delay é‘l‘?—tﬁl’ R2’|'(‘ ‘ ’fR" be aigq%enpe otfhrandqmdvar;atkales dfenot—
countered by a reservation packet, which typically depend dij9 the ranks of connectionduring the periods ot the reter-

the length of the upstream portion of its path. Then reserva C€ epoch. In every realizatiolty, ..., By, is a decreasing

tion packets arrive at linkin the same temporal order of the sequence since withis epoch, each of the connections com-

start of the corresponding reservation epochs. Specifically,p t_mr? _\t/wthc hazto end ant_ep_och a;d starta new one, during
reservation packet is received at the link ahead of the start §f'ICN It Succeeds connectionn rank.

the_correspon_ding reservation epoch by duration (_aqual to tlﬁe concept of ranks is illustrated in Figure 5. The diagram
horizon _(Sect|on 4). If, due to upstream processing delayéhows the reservation epoch of connectiamder considera-
reservation packets are not received at the.“nk in the propgg, (the reference epoch) along with the overlapping epochs
order, we say that the order of reservations is violated. of the connections competing with namelyc; , c», andes

;|'_he duration of a reservation epoch spans- 3 link peri-

ods. Connection’s reservation epoch (at the top) overlaps
fWith two epochs from each af; and ¢y, and one epoch of
c3. The figure shows the rank of each connection during the
periods of the reference epoch. Connectigucceeds; in

Let 6 be the maximum upstream processing facing any co
nection, expressed in time slots. Theran be chosen large
enough that, with arbitrarily high probability, the order o
reservations is not violated. Suppose that reservation

packet is received at link delayed by slots. The proba- . . X . )

bility that the order of reservations is violated is at most théank d durlnl? Ctihg flrstthtwt(;].pgrl_?g.s Qf gs reserv&tlofr] etptoch anq

probability that another connection starts a reservation epoBﬁece e;s 't during the third. This 1S because e Tirst two pen-

within § slots from the start of's epoch. Due to phase ran- 0 s_ofcs epoch overla_p with an epoch of that had _started_

domization, this probability is-2—. Thus, for a fixed time earlier, whereas the third pgrlod overlaps with the first period
P Y 1Sty of a new epoch of;. In this example connection ranks

slot duration and link period, this probability can be made a ourth, third, and second (in that order) in the three periods

9Note that the performance of EA without ingress shaping would b§panned by its epoch. C(_)nneCﬁanreC_ede$1 thrOUghOU_t
worse due to burstiness of packet arrivals. their completely overlapping epochs. Since the rank during a




period is defined by the order of processing reservation pack- reference epoch (n = 6)
ets covering that period;]s requests in period of the refer-

ence epoch, can be blocked only due to contention caused bF:H ' ' Lz '} ' . '
connections that precedes it in rank. We start by assuming net ¢ périodi tme |
that connectiomr requests one slot per link period: define the

random variables(y ;, Xz, ..., Xy @s Figure 6: The Rank of connection during periodi. Connections

that start epochs within the dark-shaded periods precede
c in rank duringi. Those are in addition to connec-
tions starting new epochs during the first periodcisf
epoch (light-shaded) and whose reservation packets are
received before’s packet.

v, afl ¢’s request within period is blocked
57 0 otherwise.

Due to periodicity in the generation of reservation packets
at the ingress routers, the order of reception of reservatiohs< 7 < n:
packets at linK remains unchanged in every epoch preceding

or succeeding the reference epoch. Thus the analys{s of MloN- i\t
i=1,...,n applies to every reservation epoch of connection Pr{R; =k} = Z E—r—1 T n
c. LetX; =" | X;,;. Then the worst-case expected block- =0 ' .
ing rate that can be experienced by connectiat link [ is N_zk:” 1 (N—k+7r\ /1) [i—1\"NFtrd
given by: = j+1 Jj n n ’
: @)
1
E[Xu/n] = n ZPI{XZ'J =1} @ where the factor;.% represents the probability thes reser-
= vation packet is theé+ 1st to be processed among thpack-
h ets that belong to the connections whose epochs completely
where, ith 1 ichis_d! _ 1
overlap withc's, which 'Sjlu =73
N Fori = 1, all of the N — 1 connections have to start new
Pr{X;, = 1}:ZP1" {X;y=1R;=k}Pr{R; =k}. epochs within thex periods ending with and including the
k=1 3) first period of the reference epoch. Then,
k—1
During periodi > 1, ¢ faces blocking due to contention . (Ri= k) = Z 1 ( N -1 )
among a subset of the connections that preceded it in rank o N—-k+r+1\k—r-1
during periodi — 1. This indicates thaPr{X;; = 1} should b1 N—kir
be decreasing over the periods of the epoch. A proof is given . <1 _ 1) (1) G
in Section 8. n n

It is worth noting that Equation (2) is an upper bound on th(§|_m|_larly, fori = n, all connections have to start new epochs
¢'s expected blocking rate when it requests multiple slots pdfithin the reference epoch. Then:
link period. This is because, the event that alt'sfrequests N1 i No1_j
within period: are blocked, occurs with probability no greaterp . (Rp=k) = Z 1 (N - 1> (1) (1 B 1)

n — - J + 1 .

thanPr{Xle = ].} j=k—1 ‘7 n n

6
In the following subsections, we obtain expressions for thg, | that any realization of the sequerite R, .. ., R (ig
distribution of ranks and bounds on the blocking prObabi”tiesmonotonically decreasing. Wherefs is at most’the7nu7rlnber

then use them to establish the properties of the transmissiqf-c,nnections that started new epochs at the beginning of the
scheduling algorithm. reference epochi; is all of the N — 1 connections except

those starting new epochs at the first period of the reference
6.2 Distribution of ranks epoch, and whose reservation packets happen to be received
Fork = 1,...,N, Pr{R; = k}, is the probability that for afterc's packet.
anyr € {0,1,...,k — 1}, (k—1) —r connections (out of the
N — 1 connections competing witt) start new epochs within 6.3 Rank-based blocking probabilities
the sequence of consecutive periods of length; that ends We now obtain an expression for the conditional probability
immediately before the first period 66 epoch (the reference Pr{X,;, = 1|R;, = k}. Let the size of a link period ohbe
epoch), and at leastconnections (in addition to) start new M slots, and that has speedup requests (frames) per slot.
epochs at the beginning of the reference epoch, wéthivays Then connectior’s request during periodis blocked iff at
ranking the:; + 1st among them (see Figure 6). Thus, foleasts connections out of the — 1 preceding: in rank during



that period request the same slotca3hus, we have: 8 Qualitative Results

. (k - 1) ( 1 >j <1 1 )k_l_jln this section, we establish some qualitative properties of
J M

PriXiy=1[R; = k} = Z: M BATCH regarding correlation of scheduling decisions at dif-
= 7y ferent links, and fairness in apportioning blocking events

The above equation is obtained by observing that, due to u#Mong connections sharing each link.

form phase randomization, each connection is equally Iikelg ] ) o
to request any of tha/ slots in period. .1 Correlation of scheduling decisions

We say that BTCH is correct if, under worst-case conditions

(of Theorem 1) a fraction of requests from each connection

) are consistently subject to blocking probability smaller than

7 Multihop Paths the expected blocking rate at every link they traverse. Cor-
rectness is defined in terms of worst-case routing and band-
In this section, we provide expressions for the expectation gfidth allocation scenarios because the bounds corresponding

blocking rate experienced by an arbitrarily tagged connectiogs these conditions are the ones used for deriving link load
and its tail probability. The expressions result directly fronhand path length constraints on connection routing. These con-

the analysis in previous sections, under the conditions of Thetraints determine the network’s connection-carrying capac-
orem 1. ity.

Expected blocking rate bound If correct, BATCH would result in better utilization—path
Since connection bandwidth allocations are integral multipldgngth tradeoffs compared to algorithms, such as EA, where
of po (assumption (M2)), the number of link periods spannedll request traversing a link are subject to identical block-
by a reservation epoch at every link is equal to the minimurig probability, equal to the expected link blocking rate.
batch size (Section 4). Consider the case where the mifirom (8), requests subject to lower blocking probability at
mum batch size is chosen such that a reservation epoch spg¥ery hop are likely to survive a larger number of hops.

n periods on each link, and I€2. denote the path of the .
tagged connection, Furthermore, lef,, Xo,. .., X, indi- L€t g(k) = Pr{X;; = 1|R; = k} for some periodi €
cate whether the request in periodf an epoch of connection {1,...,n} on link [. Then the following result is obvious

c has been blocked at any link along the path. from (7):

Under the conditions of Theorem 1, the blocking probability emma 1 The functiong is independent of, and is an in-

of arequesPr { X; = 1} has the following product form: creasing function of.
1-Pr{X;=1} = H (1= Pr{Xi; = 1}), ® 1o prove the correctness of the algorithm we need to define
leP,

the following strict stochastic order relation.

Let X be the number of blocked requests in the reservation

epoch, i.e.,. X £ Y  X;. ThenE[X/n] is the expected Definition 4 Consider two discrete random variabl&s and
blocking rate for connection Y, with finite supportS C Z, and letm = maxS. We
say thatY; is (stochastically}trictly larger thanY, (denoted
Y1 > Ya)ifforall a € S\{m}, Pr{Y1 > a} > Pr{Y2 > a}.

BIX/n] = L S EIX] =Y PrX; =1} (9)
i=1 =1
Lemma 2 Y; >4 Y, = E[f(Y1)] > E[f(Y2)] for all increas-

Substituting from (8), we get ing functionsf.
1 n
EX/n]=1~-— S I @=Pr{X;y=1}). (10) Pproof. Similarto [17, Proposition 9.1.2]. -
i—11eP,

Now we state our correctness result:
Tail probability bound
Consider the sequenck,, ..., X, defined in the previous Theorem 2 (Pr{X;; = 1},i = 1,...,n), is a strictly de-
section. Since the pattern of requested slots by each cafteasing sequence.
nection is periodic at every hop, then for= 2,... n,

Pr{X; =1} = Pr{X; = 1Xiy = 1}Pr{Xi1 =1} proor e sketch the proof. According to (3), we need to

In other words X; = 0 impliesX; =0forj =i+1,...,n. . ‘ . " )
This immediately produces a bound on the tail of the bIock§hOW thallg( ;)] > Elg(Ripa)lfori =1,...,n—1. Using

. N a coupling argument, we can show that
ing rate distributionPr{X/n > i/n} = Pr{X, = 1}, where pling arg
X=X, + X5+ -+ X, as defined above. R, >stRp—1>st- - >t Ry



Then, by Lemma 2, for any increasing functignand: =  delays is subject to higher request blocking probability com-
1,...,n—1: pared to other connections. In such case, the best bound on
N N the blocking probability is (1), which states that the block-

ing probability of a request at a given link is bounded by the
Z J(k) Pr{R; = k} > Z J(k)Pr{Rip1 =k} (11) probability that a number of other connections at least equal
k=1 k=1 to the link speedup request the same link slot. That is, when
n is too small, the performance ofaBCH is equivalent to EA
with respect to the expected blocking rate. As discussed in
Section 6, botm and the time slot duration should be chosen
so that the probability of violating the order of reservations is
negligible.

Sinceg(k) = Pr{X;; = 1|R; = k} is independent of the pe-
riod indexi, and is an increasing function bf(lLemma 1), we
can substitutg for f in the equation above. Thus completing
the proof.

Theorem 2 implies that a subset of requests from (each epoch
of) each connection are consistently subject to blocking prob-
ability smaller than the expected link blocking rate, at every
link.

9 Numerical Results

In this section, we evaluate the effectiveness af &+ in im-
8.2 Fairness of B\TCH proving the traffic-carrying capacity of bufferless networks.
We say that a scheduling algorithm is fair if, at every link TS iS in comparison to the "natural” bufferless scheduling
all connections sharing the link have identical tight bound§!/€ EA. As in Section 2, we use the tradeoff between the
on the expected blocking rate at the link. Note that withodf"k utilization and path length to guarantee a desired bound
the tightness requirement, a common upper bound may the expected blocking rate of a connection. We refer to
be indicative of relative worst-case performance of differertUch tradeoffs as- P’ tradeoffs”.

connections. The following theorem establishes the fa'me‘sﬁe consider a network of identical links under the conditions

Of BATCH. of Theorem 1 where each connection requests only one slot
per link period. The links are identical in the sense of hav-

Theorem 3 BATCH is fair. ing equal capacity and speedup. The capacity is expressed as
number of slots per link period.

Proof: Substituting from (3) into (2) we get the following Under normal operating conditions, we are interested in the
bound on the expected blocking rate of an arbitrarily tagged- P tradeoffs to achieve an expected blocking rate in the in-
connection at some link terval (0, 0.1], when network link can be shared by up to few
N hundred independent connections (ingress-egress aggregates)
1 — and the network diameter extends3® hops. Recall that if
E[X/n] = n Z > Pr{Xis = 1[R; = k} Pr{R; = k} the expected blocking rate boundig, the expected capacity
==l (12) of the bandwidth tunnel allocated to a connection is at least

The bound is tight since (7) gives an exact expression fél07 of the nominal capacity.

Pr{X,; = 1|R; = k} when the conditions of Theorem 1 .
are satisfied at. Furthermore, because of the choice o%Ne know from Section 2 that, at large values of speedup

the tagged connection, the bound applies to all connectio{‘f}s2 100), EA results in good/-P tradeoffs. We al_so know
routed througfi. at large speedup values may not be cost-effective. Our nu-

merical results indicate that for small values of link speedup
_ o o (e.g., speedup < 10) both EA and B\TCH are unable to pro-
The fairness result implies that any quantitative improvemeRyide the desired’- P tradeoffs. However, for speedups in the

in the expected (path) blocking rate bounds for connectiongnge10 < s < 100, BATCH provides substantial improve-
traversing a large number of hops (compared to EA) does ngients over EA.

come by improving their expected blocking rate bounds at any
link while worsening the bounds for other connections (e.glmprovements inJ/-P tradeoffs due to BTCH can be seen

those routed over shorter paths). in the plots of Figures 7 and 8. The plots are obtained using
o the following settings: the link capacity i28 data frames
Remarks. Recall that the characterization 8, . .., R, was  per link period, and the number of slots per link period is

obtained in under the assumption thais large enough that A7 — 128/s, wheres is the link speedup. Each connection
the order of reservations is almost never violated (more presquests onlyl slot every link period. Thus, at a given link
cisely, the probability of violation is negligible). When |oad, the number of independent connections competing at
is too small, the bounds in Section 7 and the qualitative rehe link is fixed irrespective of the speedup.

sults presented in this section do not apply: the processing

delays experienced by a reservation packet are large enoufdte leftmost plot of Figure 7, shows that,% link utiliza-

that some connection experiencing large upstream processtian (load), EA can provide an expected blocking raté®.af



for connections traversing at maidt hops. This is compared a time slot request i©(1). The same applies to work per-
to BATCH with n = 20 (rightmost plot) which can provide formed by a link to schedule a transmission request. At any
the same guarantee &b% link utilization for connections given time, a link may receive transmission request batches
traversing more tha@5 hops. For an expected blocking ratethat together span the duration of up to two (future) reserva-
guarantee 00.02 BATCH can support path lengths up 26 tion epochs. Since the link has to keep track of the availability
hops at utilizatior60%, compared to less thanhops for EA  of link slots, the space complexity of the algorithm is twice
under the same conditions. the size of the reservation epoch, hence linear in the number
of link periods per epoch. The exact storage requirements
Providing the same expected blocking rate guarantee as Efapend on the size of a link period in slots (or equivalently,
over longer paths, but without significant improvements ithe bandwidth allocation granularity,). Each slot is repre-
maximum link utilization, effectively improves the network’s sented by a number of bits proportional to the link speedup.
connection-carrying capacity by allowing the network operathis number should be large enough to specify the input ports
tors to route traffic over paths that are unusable with EA. Oghat will offer data frames (packets) to the output link during
the other hand, even modest improvement in maximum linghe siot (i.e.,log the sum of link speedups). The schedule
utilization (sufficient to carry an extra connection) may transof reservation is used to configure the switch fabric to trans-
late into an improvement in connection-carrying capacity thaér arriving packets at the input to the proper output links. It
is linear in the number of hops. As a simple example, on akhould be noted that the storage requirement typically ranges
erage each link may be able to carry an extra half connectigfym fraction of one Mbit to few Mbits [3]. This is not a large
when the average path lengtteifiops. burden on routers, especially that memory used by the sched-
uler need not be as fast as packet buffers, hence are not subject

Comparing the tradeoffs undemBcH with n = 10 andn = {4 the same capacity limitations.

20 shows that the tradeoffs improve with increasingrhis is

because a larger number of requests in each epoch face srglfcH can be extended in straightforward manner to net-
blocking probability at each link (the rank remains small for gyorks where links are equipped with limited contention-
larger number of periods). Extremely large values afe not  resolution buffering capacity [3]. As in [14], we limited our
desirable, however, from a packet delay perspective: Theggesentation to the bufferless case for reasons of analytical
may be a large number of consecutively blocked requests @ctability. Simulation results not reported in this paper in-
the beginning of each epoch resulting in large packet delay @icate that BTcH improves the path-length vs. utilization
the ingress. tradeoffs in networks with limited buffers and link speedup

_ ) _ = 1 compared to the FCFS scheduling rule.
Figure 8, shows the effect of higher link speedup on the trade-

offs improvements provided byAcH. Whereas, the left- The underlying idea in BrcH is that ofRolling Priorities .
most plot shows that EA cannot support an expected blockrom the point of view of a connection, time is divided into
ing rate guarantee 6£.02 at 80% link utilization (even over fixed-size epochs. Packet transmitted by the connection to-
1-hop paths), BTCH can provide this guarantee at the samgvard the end of an epoch are subject to a small loss (block-
load over paths up t@0 hops. By comparing the rightmost ing) probability at each link. In other words, packets at the
plot (s = 50, n = 20) with the EA ats = 80 (not shown), we peginning of an epoch are treated as if they have low schedul-
found that they provide almost identical tradeoffs. This |eaq$'|g priority at each link, while packets towards the end are
us to conclude that BrcH can provide the same tradeoffs asreated as if they have high priority. At any link, the overlap of
EA at up t037.5% saving in speedup. epochs form connections sharing the link should minimize the
. ) ) ) chance that higher-priority packets from different connections
Under the conditions of Theorem 1, increasing the link cazyrjye simultaneously at the link. This is required when he
pacity (in frames per link period) while maintaining the samey nected blocking rate at the link is high, since the low block-

load implies increasing the number of independent connegy nropability for higher-priority packets must be achieved
tions contending for link slots. We therefore expectthe® ;i ihe expense of low priority ones. The challenge is to im-

tradeoffs to deteriorate. The tradeoffs in Figures 9 are objement Rolling Priorities without limiting network scalabil-

tained by doubling the link capacities compared to the r§s, For example, without explicit coordination of scheduling

sults in Figure 7. That is the link capacities are taken to b isions among different links. ABCH avoids contention

256 frames/period. Comparing both figures shows that dOlé—mong high priority requests using randomization.

bling the link capacity results in slightly worse tradeoffs. Still,
BATCH provides significant tradeoff improvements over EA.
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Networking: Architecture, Control, and Management Issyeges
79-90, 1997. Let n,,, denote the number of requests up to and including requests
from themth connection under regim@, i.e, n,, = Z;’;l r; and
let x»,, be the contention at time sletafter then,, slot requests
Appendix: Proof of Theorem 1 have been revealéd. Suppose that > 1 is the first connection
such that,, > 1 (there is at least one connection requesting one slot
per period), thenform, = 1,...,k — 1, xn,,, = Z;":ll Z;, Where
First we establish the intuitive result that a regiiec G pro- Zhv, 22y .. Zk,l__are independent Bernoulli random variables with
duces maximal contention atonly if the time-slot requests on ~ SUCCEsS probability/}, such thatZ; = 1 represents whether con-
underG face zero blocking probability at upstream links. In othef€Ction: requests slot. x,,,, are therefore Bifnn, , 1/M) ran-
words, only if the request pattern of each connectiotravers- d0m variables:

ing I underG is defined b . 1°Suppose thati is a regime " Tomy =
g Yotp. i °SUPP g P, = ) = (n:) ( 1 > ( 1 ) g

Necessity proof

of maximal contention at. To reach contradiction, we construct M L=

M
a regimeG’ € @ that results inhigher contentionat /; that is ) ) _ _
Pr{XTG' > K} > Pr{xf > k}forall k > 1. Let cC be the We_usemz Fo |nd_ex the connections requesting multiple slots per
set of connections sharifiginder a regimes € G. Since a regime Period starting with thekth one. Formz = 0,...,N — k, de-
is a global routing and bandwidth allocation scenario, there may B&1€ Ym. as the number of requests forfrom thek + moth con-
other regimes irg that route the same set of connections througR€ction. Sincer can be chosen by at most one out of e,
I, with the same bandwidth allocations, but differ fraghin the ~'€duests (each request covers a different segment of the period),
set of connections routed through some other link(s) or their bandanz> 2 = 0,..., N — k are independent Bernoulli random vari-
width allocations. Let this subset 6f(including G itself) be labeled ~ @bles with success probability (M/ry+i) = ri+m /M. Thus we
G. Consider any sequence of consecutive of lergth= Tp, on  Nave:

[, numbered), 1,..., M — 1, and suppose that a request for slot Xniktmy = Xngpmy—1 T Yma
T € {1,..., M} from connectiorc has upstream blocking proba- ma (14)
bility p > 0 underG. Then we can write for akk > 1: = Xner + Y5,

j=0

Pr{x¢ > k} = p- Pr{x% > k| ¢'s request forr is blocke . .
{x b =p-Prix | q 4 Note that (14) applies to the case where all connections request more

+(1—p) - Pr{x7 > k| c's request forr is not blocked.  than1 slot per period = 1) by adopting the conventiogy.,, = 0.

Consider som&'’ € G that is identical ta7 except that’s request |, general, we can express the pmhof., forj = 1,..., N, recur-
for 7 has zero upstream blocking probability (e gdoes not share ’

! : ! sively as
upstream links with any other connections). ot x < |CF], we
have: Pr{an = K,} = Pr{xnj71 = K,} ( — TMJ)
Pr{Xf/ >k} = Pr{x% > k| s request forr is not blocked 4 Pr{xXn, , =k — 1} (TM]) . (15)

G
> Pr{x;y > Kk},
11For simplicity, we consider only the case whéig/r; is an integer. The
which contradictgy being a regime of maximal contentioniat case where segments differ in size ¢hy) is similar but tedious.
12Since all slots within the period are equally likely to be chosen by any
10Recall that the request pattern of a connectida defined bya,, given number of requests from any particular connection, we study con-
if for some starting slotp on/, the pattern matches the one generated byention at an arbitrary slat. To simplify the notation, we usgy,,, in place
., UsINg the ingress rule (Section 4.1.1). of ngbm.




Now, consider a regimé&” identical toG atl (same set of connec- and similarly forQ;kﬂ. (1). Parts {) and (i) together imply that
tions and bandwidth allocations), except that kfle connection is P/, (k) — P,,(x) changes sign at = 1 (since (i) implies
exchanged with, connections each requesting one slot every Per;, (1) < P,,(1)). The difference of the mass functions has to
riod. Ther, requests are statistically independent: each requeshange sign at least at one higher value:ofThis is because under
is for a slot chosen at random from within tfié slots in the pe- G, r can be chosen by more than one of therequests. That is,
riod. Thus, we have(ilj =Xn;»J = L., k=1 andxy, = P, (-7, +i)=0< P, (ne —ri+i)fori =2,3,...,m
X, + ¥t 7;, where as defined abovi; is a Bernoulli ran-  (note that both pmfs are zero for al > ny). Part (i) re-
dom variables with success probability}/ that assumes the value sults by showing that for any > 1, P, (k) > Pn, () implies

1 iff connectioni requests slot.* It follows thatG’ has a configu- P, (5 4+ 1) > Py, (5 +1). m
ration similar toG. Specifically, letn;,, andk’ be defined unde@’

similarly to n,, andk underG. The”XiLgnll mi1 =1,....K' =1 The following is a consequence of Lemma 3:

are binomial random/variables defined as in (13), and (as in (14))

for m2 = 077‘CZG ‘ - kl! X;Lk/+m2 = X{nk/71 + 2;7;20 Yilv

. . " Lemma4 Q. (k) > Qn, (k) forall kK > 1.
whereY; is a Bernoulli random variable that assumes the value @y (£) 2 Qny(K) -

iff 7 is requested by th&’ + ith connection unde€’. Therefore,

Pr{Xn.,, > £} > Pr{xn,,, > s} forj =0,...,N—kand Proof: SinceP;, (k) — Pn,(r) < 0forl < s <&, Qp,(r) —
x > 1 implies that successively exchanging the remaining cor@n, () is increasing in the intervdll, #). Then, by Parti{) of
nections inG will similarly result in higher contention. In other Lemma 3,Q, (k) > Qu, () for x € [1,%). Furthermore, since
words, to establish the necessary condition, it suffices to prove th&f, (<) — P, (x) > 0 for all & > £, the desired inequality holds
Pr{Xn.,, > £} > Pr{xn,,, > s} forj =0,...,N—kand fors>1. -
Kk > 1.

. . A The lemma above states that contention &thigher undetz” after

In the following we adopt the notationf. (k) = Pr{x. = x}, , "requests have been scheduled. We now use induction to prove
Pu(k) = Prixs = &}, Qu(k) = Pr{xa > s}, and@Qn(x) = = o necessary condition.

Pr{x;, > x}, foranyn. First we state some properties of contention

pmfs undeiG andG’. From (13) and (14), we have

Lemmas Q. (k) > Qn, ; (k) for0 <j < N —kandx > 1.

1 nE—"rg J Thoti
Py ;(0) = (1_M> H(l_ ]\;; )’ . )
i=0 Proof: The desired result has been proved foe 0 in Lemma 4.
Suppose tha@;kﬂ. (k) > Qnpy; (k) forsomej > 0andallx > 1,

and that, to reach contradictiof;,, , (k") < Qn,;, (x") for

and, similarly,

, 1\ "k I Thoti somex™ > 1. The case:™ = 1 contradicts Partii) of Lemma 3.
P, (0)= <1 - M) (1 - W) Forx* > 1, we get from (14)
=1
* Tk+j+1 * * Tk+ji+1 *
Also, from (15), Qnyyy (K7)+ ]\j[ Poy; (57) > Q5 )+ij’ik+j(“ );
j or, equivalently,
Tk4i
Pnk (1) :Pnk—'r (1) 1—— Thk4+j+1 * * * *
+i k E) ( M ) ]\2 (PnkH(H ) — P;ij (k )) > Q;LH].(F; ) = Qnyy, (K7).
J
Tkti _ Tktm Sincery+;+1 < M, and by the induction hypothesig,, . (x*) —
+ PTL — Tk 0 1 b k+]+1 . . . . Ykt
ke ); M 0<I;[<j ( M ) Qnyp; (k") > 0, the inequality implies ’
‘m#£i

Py (K7) = PTlLkﬂ' (%) > Q,"k-,ﬂ' (k") = Qnyyy (K7).

where, Po, —p (1) = ™o (1 — L)™ 771 pl (1) has a _
By rearranging, we get

M Nkt
similar expression wher&,, (1) replacesP,, _, (1) and the in-

dexed sum and products run framo j. Qupyy (57— 1) > Q;kﬂ_ (k" — 1),

which contradicts the induction hypothesis. Thus completing the

Lemma 3 (Properties of contention pmfs.) For=0,...,N — k proof. -

@) P, (0)> P., . .(0
i (0) s (0) Sufficiency proof

(ii) an+j (1) > Qnyy; (1) Suppose thaf? € G satisfies the necessary condition, g&ts not
(i) 38 > 1suchthatP,, (k) — Pn, (k) < Oforl < s <  aregime of maximal contention ¢f at{. Then there is a regime
kand P, (k) — P, (k) > 0forall x > k. G* € G that satisfies the necessary condition and results in higher

contention at thanG. Sufficiency is established by observing that
regimes inG satisfying the necessary conditions for maximal con-
tention at/ are statistically identical at that link: Under every regime
in G satisfying the necessary condition, each connection requests
exactly one slot per link period, and all slots within the period are

13Recall thatn; is the number of requests up to and including requestgqually likely to be requested by any connection. Thus contradicting
from thejth connection under regin@. the claim thatG not being a regime of maximal contention@ft!.

Proof: We sketch the proof. Par{§ and(ii) are straightforward
using algebraic manipulation and the application of Bernoulli’'s in
equality; noting thatQ,,, (1) = 1 — Py, ;(0) — Pn, (1),




