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Abstract— Resilient Packet Ring (RPR) is a recent networking is removed (stripped) from the ring. Hence the bandwidth tha
standard developed by the IEEE LAN/MAN working group. would otherwise be consumed by the packet on its way back
RPR is an insertion buffer, dual ring technology, utilizing a to the sender (as is the case in the Token Ring [3]), can be

back pressure based fairness algorithm to distribute bandwidth d by oth icati Such destinati triopin
when congestion occurs. The faimess algorithm has two modes of US€d Py Otheér communications. such destination stripping o

operation, called respectively theaggressive and the conservative ~Packets leads to what is commonly knownsgstial reuse
fairness modes. For some scenarios, thaggressive fairness mode RPR usesnsertion buffer(sfor collision avoidance [4], [5].

suffers from severe performance deficiencies. ~ When a packet in transit arrives at a node that is currently
In this paper, we propose two novel contributions. The first adding a packet to the ring, the transiting packet is temjipra

is a measurement method which enables a node to determine . . . : .
its operating context. The second contribution is a fair rate stored in an insertion buffer, calledteansit queuein RPR.

calculation method, termed the moderate faimess mode, which N ordgr to get some flexibility in the Scheduli.ng Of.”nk
resolves the aggressive mode performance deficiencies while bandwidth resources between add- and transit traffic, the

retaining several other properties provided by the aggressive transit queues may be in the order of hundreds of kilobytes
mode fairness. large.

We compare the performance of themoderate fairness mode to In a buffer insertion ring like RPR, #aimess algorithm

that of the aggressive and the conservative modes by simulations, . . L .
and find that for some scenarios themoderate mode outperforms 1S needed in order to divide the bandwidth falripetween

the aggressive and the conservative modes. For some other contending nodes, when congestion occurs [6], [7].
scenarios, the convergence time of theoderate mode is somewhat ~ The RPR fairness algorithm runs in one of two modes,
longer than that of the aggressive mode. termed respectively theconservative and the aggressive

. _ ) modes. Theaggressivemode of operation is simpler (i.e.

Keywords: Resilient Packet Ring, Fairness, Performangg,ires less code and configuration) than temservative
evaluat!on, Slmulat|0_ns,_Next generatlon protocol dea;gd mode, and is used by e.g. Cisco Systems. In this paper, the
evaluation, Communications modeling, Next Generation- N&hain focus is on some of the performance deficiencies found
works Principles, High-speed Networks. in the aggressivefairness mode. We do however evaluate
the performance of theonservativemode fairness for some
selected scenarios.

Resilient Packet Ring (RPR) is a new networking standardThe feedback control system nature of the RPR fairness
developed by the IEEE 802 LAN/MAN Standards Commitalgorithm makes the amount of add traffic from each sending
tee, assigned standard number IEEE 802.17-2004 [1], [Bpde oscillate during the transient phase where the fe&dbac
Although RPR was developed by the LAN/MAN committeegontrol system tries to adjust to a new load [8]. Several mape
it is designed mainly to be a standard for metropolitan arfdve reported that in some cases the oscillations decrandes
wide area networks. (under a stable traffic pattern) converges to a fair distigipLof

RPR is a ring topology network. By the use of two ringsdd rates, while under other conditions, the algorithmrdes,
(also called ringlets), resilience is ensured; if one liaksf and oscillations continues [8]-[11].
any two nodes connected to the ring still have a viable The main contribution of this paper is twofold. First, we
communication path between them. When a node wants fiwpose a novel context determination function, to enable a
send a packet to another node on the ring, it adds (sends) ¢hagested node to determine whether it is utilizing its fair
packet onto one of the two ringlets. For bandwidth efficiencghare of bandwidth or not. Secondly, we propose an altemnati
the ringlet that gives the shortest path is used by defaunjr rate calculation mode, termed theoderatefairness mode,
but a sender can override this (on a per packet basis) ifwith the goal of improving on the properties of taggressive
for some reasor1 ha_s a rl.nglet preference. When the paqu}?PR nodes may have different weights, so a fair division de¢have to
travels on the ring, itransits all nodes between the Sendef)e an equal one. In this paper, however, we assume all nodestlisame
and the receiver. When it reaches the destination, the packeitht.

I. INTRODUCTION AND MOTIVATION



mode fairness. The proposed fairness mode, is designed to fit

within the framework given by the current RPR standard.
To evaluate the properties of the three fairness modes, wg L - ---__| 1 L-o—____] 2 Lo_____| 3 |-c--__

use performance evaluation by simulations. We have imple

mented th? RPR Standar_d within the the J-Sim and OPNlE—;E;ure 1: A congestion domain consisting of 4 active nodes: node 0,

modeler discrete event simulator frameworks [12], [13]r FQ "> and 3. The output link of node 3 is the most congested link in

this paper however, we use our OPNET implementation. the domain, thus node 3 is tthead, while node 0 is theail of the
The rest of this paper is organized as follows: In sedtion i¢pngestion domain.

we present a brief introduction to the RPR fairness alguarith

Then, in section 1ll, we present a class of scenarios where a ) o _
so-calledmodesthead node in a congestion domain induced congested out-link will fill Up When the transit queue

permanent oscillations in the throughput experienced ley tRCCUPancy is above a threshold callledv, the node enters
head’s upstream neighbors [14]. Then in section IV, w State calle¢ongestedand if it is has not observed that there
discuss some possible solutions to these problems. TherPff downstream nodes that are more congested, it becomes
sections V and VI, we present our novel contributions hauggli head of a congestion domain. As head, it starts sendingefgsrn
these problems. In section VII, we evaluate our contrigio Messages, which is the feedback mechanism of the control
by simulations and compare the performance to that of tR¥Stem. These feedback messages instruct the upstream node
original RPR fairness modes. Finally in sections V1L, IXdan t©0 restrict their add rate to that of the head’s fair rateneste.

we present related work, conclude and present possible/Vhen a faimess message is received by upstream nodes
directions for further works. in a congestion domain, these nodes restrict their add rate

to the value of the encapsulated fair rate estimate. The head
I[I. THE RPR FAIRNESSALGORITHM estimates and advertises new fair rates estimates pealtydic

When several sending nodes try to send over a congest@¥ery aging interval (termedginglInterval)). The default
link concurrently, the objective of the RPR fairness aljori duration of anagingInterval is 100 us.
is to divide the available bandwidth fairly between the con- The time it takes from the head advertises a new fair rate
tending nodes. RPR has three traffic classes: high, mediggtimate, until it sees the effect of this action, is the tine
and low priority. Bandwidth for high and medium traffic istakes for a fairness message to reach an upstream node, and
pre-allocated, so the fairness algorithm distributes badith then the time it takes for the packets from this node, geedrat
to low priority traffic only. In this paper all data traffic isW in accordance with the newly received fair rate estimate, to
priority. reach the head. Hence, in general there is a considerable
The fairness algorithm is a closed-loop control system [dfgedback latency in the control system. This latency, which
The goal of the fairness algorithm is to arrive at the “Rin§an be considered the time-constant of the congestion adpmai
Ingress Aggregated with Spatial Reuse” (RIAS) fair divisiocombined with the configuration of the algorithm in the head
of rates over the congested link [9]. For a congested linfer calculating fair rate estimates, decides the stabditghe
over which each active node has an infinite demand and BIPR fairness algorithm.
nodes have equal weights, the RIAS fair bandwidth will be the The RPR standard has defined two algorithms for the
capacity of the link divided by the number of active node§2lculation of the fair rate estimates. In this paper, algio
Fairness for ring segments having active nodes with differdhe main focus is on the improvement of deficiencies found
weights is not covered by the RIAS reference model. In thig the aggressivefairness mode, in section A, we provide a
paper, all nodes have equal weights, thus we can use the Ref description of theonservativdairness mode. For a more
reference model. detailed overview of theonservativefairness mode, refer to
The control system encompasses all nodes that send overl#le [16]. Following the brief overview of theconservative
same congested link, known in RPR asangestion domain fairness mode, we provide a brief overview of thggressive
[15]. The node directly upstream of the most congested lifgirness mode in section II-B. For a detailed overview of the
is called theheadof the congestion domain. The node in th@dgressivefairness mode, refer to [8].
conggstion domain tha_t is furthe;st away frpm t_he head isdally conservative Fairness Mode
the tail of the congestion domain. Later in this paper we are . . .
going to use a scenario depicted in figure 1. Here nodes 0, 1 n the conservativefairness mode, when using the node

and 3 all send traffic to node 4. When these nodes in total wsﬂ‘ﬁs'gn with two transit queues, the goal of the faimess

to send more than the available bandwidth, the most cortd;es?égomhm is to maximize the throughput of the congested

link will be the link immediately downstream of node 3. Thusl,'nk’ while at the same time keeping the occupancy of the

the congestion domain will consist of the 4 nodes from nodezRPR nodes may have one or two transit queues. In the case ofea nod

0 to node 3. Node 0 will be the tail of the domain, node 3 theith two transit queues, the highest priority traffic willausne transit queue,
head. while the two lower priority classes will use the other tiarmgieue. In the
, . . RPR model used in this paper there are two transit queuesijringt all data

When a node’s total transit and add traffic amounts to MOf&tfic will be of the lowest priority, the high priority trait queue will be

than the full bandwidth, the transit queue of the node witkmpty.




transit queue for low and medium priority traffic (termedigingInterval) as compared to the value on the input of the
the Secondary Transit QueuSTQ) between two thresholds box. The filter input and output-values, denoted respdgtive
termedow andmedium The layout of theSTQwith associated X (z) and Y (z) are the Z-domain representations of the
queue thresholds and their default level relative to ampthédiscrete time-domain signai§n) andy(n), wherex(n) is the
higher threshold, termeligh, is shown in Figl 2. add rate of the head andn) is the low-pass filtered version,

IpAddRate(n).
increasing queue occupanc

_ 1
IpCoef Y(2)=lpAddRate(z)

X(z) F addRate(z)+
P, IpCoef-1

Figure 3: Block diagram of the second-order low-pass filters yielding
fair rate estimate based on the congestion head’s own send rate
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Figure 2: Secondary Transit Queue and associated queue thresho
Note that in the figure, the relative location of the thresholds w.rE\"
the high threshold is according to the default settings specified by the

RPR standard. This layout applies to taggressivdairness mode as | the figure below, the value of the constapisand p,

well. In theaggressivdairness mode however, timeediumthreshold f h ' fi . fand

is not used. comes from the RPR configuration parametegeCoefan
IpCoef as shown below:

In this fairness mode, to allow for a more modestly sized
ageCoef — 1

STQthan is used for theaggressivefairness mode, several p1 = , ageCoef € {1,2,4,8,16} Q)

techniques are used: i) once tB&Qoccupancy exceeds the ageCoef

mediumthreshold, the actions taken to reduce the queue oc-

cupancy are moraggressivefair rate estimate reductions are , = M IpCocf € {16,32, 64,128,256, 512} (2)
done faster) than the corresponding actions taken to iserea IpCoef ~ PES R AEE AT

the queug occupancy once the occupancy f‘?‘”s bello I:ulme This gives a transfer functiorf/ (z), of the filter as shown in
threshold; ii) to prevent that the fair rate estimate is atdjd (3) below.

faster (or slower) than the effect can be observed, the time-
constant of the congestion domain is measured and used to set
a timer termed Fairness Round Trip Time (FRTT).

Thus, once the fair rate estimate has been adjusted, the
FRTT timer is reset and no additional rate adjustments areUnder the assumption that the input to the filtefy) is a
performed before the FRTT timer expires. step-function, the output of the filter consists of a corispeant

To provide a means of congestion recovery, shouldIF® and two first-o_rder filter functiong. Further, whépCoef >
occupancy exceed thegh threshold, the fair rate estimate is¢9¢Coef, the filter time-constant is dominated by the second
reduced everyigingInterval, regardless of the status of thdilter stage. In this case, the time-constantpf the filter, can

Y(z) 1 i
X(z)  IpCoef (z—p1)(z —p2)

H(z) = 3)

FRTT timer. be approximated by the expression:
B. Aggressive Fairness Mode
In the aggressivefairness mode, once a node utilizing the - ~ - lp;if_l ~ IpCoef [agingIntervals]
two-transit buffer design has become congested, it coasito In(p2) ln(W)
add traffic until the transit queue occupancy reacheshibk (4)

threshold (shown in Fig.]2). At this point, the head stops its
add traffic, until the upstream nodes have reduced their sendt has been shown that tteggressivemode fairness algo-
rate so much that the head’s transit queue occupancy desresighm does not always reach a stable state [8]. In general,
below the high threshold. the calculated fair rate estimate always varies (oscil)ate
We have previously shown that for tleggressivefairness initially in response to transient load conditions. If the)
mode, the value used by the head as its fair rate estimdtaffic load is stable, these oscillations should ideallgajeas
is the head's own add rate run through a 2nd order low-pdbe fairness algorithm converges to the new fair division of
filter. Below, we will give the reader a short summary of theending rates. For some scenarios however, even under (new)
properties of this filter. A detailed analysis of thggressive stable load conditions, theggressiveanode fairness algorithm
fairness mode with associated stability properties cambed does not converge, and the rate at which each different node
in [8]. is allowed to send, continues to oscillate.
The low-pass filter is shown in Fig.] 3. In the figure, the In the next section, we will present and discuss a class of
box with the markingz—! denotes that the value on thescenarios, for which theggressivemode fairness algorithm
output of the box is delayed one sampling period (i.e. ort®es not converge.



I1l. UNBALANCED TRAFFIC SCENARIO congestion situation, the head of the congestion domaia use

As described above, congestion occurs when several sendigrQWn add rate as its fair rate estimate, deciding how much
at the same time want to transmit more data than the lifi§ UPStream neighbors should be allowed to send over the
capacity (bandwidth) over the same link can sustain (akislin congested link. As we already know, the (modest) head adds

in RPR have the same capacity). Some senders may be grega{jic over the congested link at a rate that is below the fair

i.e. they want to send as much as possible. Other senders d&ifgr Thus as long as ti&TQoccupancy of the head exceeds
low threshold, the rate values encapsulated in the fairness

at a limited rate. For modest senders, i.e. senders sencﬁ'ﬁﬁ

less than their fair share, RPR should not impose any raj¢ssages will be the head's own modest add rate. The effect
restrictions. For nodes having more to send than their f4if hese fairmess messages, when received by the upstream

share, RPR should restrict their sending rate to their fares N€ighbors, is that for a period o f time, the aggregate ofitraf

In the case where the head of a congestion domain is a mGi2SSing the congested link will be less than the capacity of
est sender, utilizing thaggressivefairness mode, this inducestn€ same link. As noted above, this results in a reduction in
permanent oscillations in the throughput of its upstreagegy € link utilization of the congested link. o
senders. An example of this, using 1Ghit/s links, is shown in Before we proceed to the description of our contributions,
figure4 below In the next section, we present the goals we seek to achieve.

IV. I MPROVING ON STABILITY AND THROUGHPUT

Aggressive Fairness Algorithm - Static Scenario with Modest Head PERFORMANCE FORMODESTHEAD SCENARIOS

L0 Throughput of traffic received by node 4 As discussed and shown in section Ill, the presence of a
AN avavavavalavava modest head in a congestion domain where the head utilizes
8e+08 - | VATV A VO VA VAR A VAR VO TR the aggressivefairness mode, leads to throughput loss and
7 | J consequently reduced link utilization for the most congést
5 6et08 - | i link in the congestion domain. Now the question becomes —
g “ is there anything that can be done to improve the performance
S der08 LS of the aggressivefairness mode in this type of scenarios?
£ “ s R TSl iy Nie Svg Sl One alternative would be to implement an alternative
2e+08 - ‘\ fairness algorithm where this type of problem is not an issue
f [9], [10], [17].

0—1 . 11 116 118 1o A second alternativeis to modify the current RPRggres-
time [seconds] sivefairness mode in order to improve its performance in the

Total From2 From 0 presence of a modest head [11]. An inherent constraint fer th
From 3 From 1 alternative is that the proposed modification must fit within
the given RPR standard framework w/o yielding undesirable
ICE:iHe-effects, such as performance degradations for atffict
scenarios.
A third alternative would be to design an alternative
rness mode, that fits within the RPR framework, resolves
e above performance deficiencies and can be used regardles

Figure 4: Modest congestion head node. The figure plots through
per sender node measured at node 4.

As seen in the figure, the induced oscillations in th]%i
throughput of the individual nodes upstream of the headesau
the_ aggregate through.put.of _the c_opggsted link t0 oscillaoef the sending behavior of the congestion head.

Thls Ieadg toa r'eductlon in link utilization of the congeste Our proposed solution belongs to the third alternative apov
link. For illustrative purposes, we have checked the actL%;lI

. . ) . Lg can also be used as outlined for the second alternateze (i

numbers of this scenario. When the congestion domain hea . . .

. . . ; .aﬁ an alternative to thaggressivefairness mode, when the

is configured as modest sender, adding traffic at 5% of the lin ion head h d ding behavi

rate, the link-utilization converges toward a value of 92.8 congestion head has a modest sending be _aV|or).

F r,th m nario. i w nfiqure the head .r In the context of the second alternative, it is clear thateghe
or the same scenario, € contigure the head as a g e?r%’st be a way for a congestion head to determine its operating

sender, the link utilization for the congested link conesrgo

B . context, to know whether it is operating as a modest head or
0, -
?hvaIuE Oft ?Q'SA"f I%g"h;%rt/a 1FGb't/S Ilnk.spee(rj], wet;]nm;r Aot (i.e. to decide which fairness “mode of operation” to)use
roughput 1oss o IUS. For scenarios where the nea Eased on the above discussion, we are ready to introduce a

node is a modest sender, the actual throughput loss depe of Design Objectives (DOs) which we seek to meet when
on several factors, notably the node configurations anditlee Sdesigning our contributions

of the congestion domain.

Another effect of the throughput oscillations, is that the po 1: Remove the oscillatory behavior in the presence of
occupancy of th&TQin the head will vary more, thus leadinga head with a modest sending behavior.
to greater delay variations for medium and low-priorityffica

The origin of this oscillatory behavior comes from the DO 2: Retain the behavior of the original algorithm in the
method used by theaggressivefairness mode to control presence of a head with a demand greater than or equal to its
the send rate of its upstream neighbors. In the event offar share.



DO 3: Minimize the changes (state information, code and With a head adding traffic at a rate &%, then the head’s

processing requirements) to the current algorithm. fair rate estimate Ryqir estimate) Would be given by [(5)
below.
DO 4: Fit our modifications into the framework given by
the RPR standard. C
Rairesimae:_ 5
pair cstimate = T (5)

DO 5: Allow for interoperability of nodes in a congestion
domain regardless of the fairness mode used. Further, let us assume that the congestion domain has a set

of nodes), where each nodeé € ), is sending traffic at a
In the next section (sectidn V), to allow for the fulfillmentrate R;, lower than the rate of the head®/{..q), while the
of the above Design Objectives in the context of alternaiveremaining nodesX’| —|Y| — 1, send as much as possible. We
outlined above, we propose a context determination methadll now show the error in the fair rate estimate, given by (5)
Then in section VI, we describe ommoderatefairness mode. and the theoretical fair rate, shown in (6) below.

V. MONITORING OFCONGESTIONHEAD’S BANDWIDTH C - Eiey R; — %

Ryair = 6
UTILIZATION fai X[= Y -1 ©)

We can envision at least two strategies for providing the Thus the errorFE, in the fair rate estimate is given by (7)
context determination method described in the previous sdelow.

tion.

One way is to compare the head’s own add rggAddRate C—S . Ri—C
to the total available bandwidth divided by the number of p _ Rtair — Rpair estimate = iey i T x O
active nodes (the fair rate for a congestion domain with all ’ B X[ =Y -1 | X
greedy senders having equal weights). If the head is sending (1)

at a rate close to or above this ratio, one can assume that th .
head’s own add rate is a good rate estimate that can be used fg\S shown in (8) below, we can make some general obser

[ . )
. . . - vations for this function.
distribution to its upstream neighbors. If the head is segait acfo s for this functio
a rate below this ratio, we can assume that the head’s cgpacit

demand is below the head’s fair share and that the head’s ownz R —0and|y| — (|X|-2)= E - C- |X] -2 ®)
add rate should not be used as a fair rate estimate. i€y X

This is the method used by Zhou et al. in [11].

There are several problems with this meth&istly, this l.e. as the demand of the nodes in the 3ttlecreases

requires knowledge about the number of nodes sending trafligd the number of nodes in the set approaches the remaining
over the congestion point. The calculation of the numb@{mber of nodes in the congestion domain except for one (the
of nodes sending traffic over the congestion point is “Worst-case), the error approach@s \2‘6/‘\;‘2_ Thus as the size
mandatory for nodes rupning theggressivefairness mode. ¢ the congestion domainX|) increasesE — C. l.e. the
Secondly and more seriously; the use of a rate thresholgq of the fair rate estimate approaches the link-rate.

for switching between two different rate calculation me&tho | conclusion, it is clear that the use of the node’s own add
may lead to instabilities. This is especially true when @ y1e a5 4 fair rate estimate results in large (fair rate esiim)
threshold is set to the fair rate. As the rate algorithm cog®®  errors for some scenarios. Furthermore, it is clear thatrioit
towards the fair rate, it is expected that the add rate of thgggiple for the head to reason about the correctness of the
congestion head will oscillate around the fair rate [8]. $hy,se of jts add rate as a fair rate estimate, purely based on its

this will cause the algorithm to constantly switch betweeﬁnowledge of the link-rate, its own add rate and the number
two different rate calculation methods. As seen in theirgdap o active senders over the congested link

the oscillations are reduced by a factor 2 as compared to
the original RPR fairness algorithm, but the magnitude of A second, and novel strategy, for monitoring whether the
the oscillations are still 50% of the line rate. The throughp congestion head is utilizing its fair share of the bandwidth
improvement is 13.4%, leading to a link-utilization #87%. to measure the fraction of time when the client is allowed to
Thirdly , below, we will argue that the basic underlyingsend traffic but chooses not to do so. By this, a congested node
assumption, that the head is adding traffic at a fatg.« > is able to intelligently reason about the usability of itsrow
% (whereC' is the link capacity andt is the set of nodes add rate as a fair rate estimate. Given the design of the RPR
sending traffic over the congested link), is not an indicatiaVAC layer, this can be easily accomplished. By monitoring
of the correctness of the head’s fair rate estimate. the signal (denotedendCin the standard) sent from the MAC
Let us assume that the above assumption was true, and tager to the MAC client we can measure the aggregate of the
we have a scenario, with the s&tof active senders, sendingfraction of the time that i) this signal indicates that traffi
traffic over the congestion point. can be transmitted on the ring, regardless of the destimatio




address and ii) the MAC layer does not receive a packet frafmrate adjustments are made too slowly, the algorithm will
the MAC client. This aggregate represents the link capacitpnverge, but may result in unfair division of bandwidth &amd
the local node chooses not to use for local traffic. For a nodeduced link-utilization during the transient period adlves
with a traffic demand equal to or greater than its fair sharprolong the duration of the transient period.

this aggregate will be zero (as it always have something toif the new rate estimation method differs greatly from the

transmit when it is allowed to). method currently used, this may alter the convergencelisgab
properties of the fairness method significantly. Thus warra
Head's Aggregate Waist of Available Bandwidth ing a complete study of all aspects of the stability and &8m

(aged and low-pass filtered)

40604 1 . . . . . . . . properties of the proposed algorithm.

As stated in the introduction, the goal of the control system
is to provide a fair sharing of the bandwidth of the congested
1 link. In the case of a modest head, this means a fair sharing of
the available bandwidth minus the fraction used by the head.
We know that the theoretical fair rate value to be distritute
to the upstream neighbors reside somewhere in the region
(lpAddRate, bandwidth—IpAddRate) (WherelpAddRate is
the add rate of the congestion domain head). The exact value
depends on the number of upstream active nodes, their vgeight
and their demand. In the case of all greedy senders having
0.0e+00 ! ! ! ! ! ! ! ! equal weights, the fair rate value to distribute to upstreade

1.1 1.2 13 14 15 16 17 1.8 19 2 would be bandwidth—lpAddRate. The head node is regarded as

time [s] active senders—1

an active sender, but does not have any additional bandwidth

Figure 5: Modest congestion head node. The figure plots the agd@mands, thus we subtract 1 from the active sender count.
and low-pass filtered measured aggregate of the time the head nodgther, let us assume that an additional requirement to
%]c(;(l)i?:ﬁir:.)t to utilize the available bandwidth for transmission %e fairness algorithm is to maintain t8TQ occupancy

at a relatively constant level above 0 and below tiigh
a@reshold. By doing this, we obtain three things: i) we kdep t

we have measured this (aged and low-pass filtered) aggregH?éqsn delay (for low and _medu_Jm priority _'Frafflc) throughet
This is shown in figuré 5. By use of the same aging and Io\ﬁpngested node at a re_latlvely fixed level; ii) we en;uretﬂrﬁat
pass filtering as is used on other measured variables in ﬂ%j,e always have t_rgffm to send once the OUtDUtfl'nk bgcomes
RPR standard, we get a value which will converge toward’é’a'lable' thus avoiding 'under-lljullza.\uon of the Imk;da'm.)
ageCoef -agingInterval = 400 [us] as the amount of added Ve ensure that local traffic gets its fair share (or a f'raoobm .
traffic by the head approaches 0 (a very modest head). For méhe case of a mod_est head) as the RP_R_schedullr_lg algonthm
specific scenario shown here, we see that the long term ayersqsures the schedulmg_ of bof[h IOC?I (within the est|mam_d f
waist (denotedpWaistTimg of the head is< 370 [us]. Thus rate bound_) and transit traffic while tH8TQ occupancy is
clearly, the value ofpWaistTime > 0 and by inspecting the below thehigh threshold.
value of [pWaistTime the head will know that it is operating Now, what can be done to achieve this? For the simplicity
in a modest head context and that it should not use its owhthe discussion, we assume that the demand of the upstream
add rate as its fair rate estimate. nodes is stable and that they always have more to send than
Given this context determination function, we are ready f6e capacity of the congested link allows. When the head of
discuss the problem of calculating a fair rate estimate foe congestion domain calculates a fair rate estimate to be
distribution by the head to its upstream neighbors. distributed to its upstream neighbors, we know that at some
future time, the resulting aggregate traffic from the upstre
VI. ALTERNATIVE FAIR RATE ESTIMATE CALCULATION e is either too high (th8TQ occupancy will increase),
Given that the head of a congestion domain is not utilizingo low (the STQ occupancy will decrease) or corrédthe
fully the bandwidth available for local traffic, we know thatSTQoccupancy remains constant).

the use of its local add rate as a fair rate estimate, results,l-o achieve a fair division of bandwidth. we monitor the
in permanent throughput oscillations for its upstreamvacti occupancyof the STQ just like in the original algorithm. In
neighbors. This also leads to a reduction in link utilizatif addition to this, we also monitor thgrowth-direction of the

the congested link. STQoccupancy.
From previous work, we know that the way rate adjustments

are performed are critical for the stability of an RPR ringy [B

rate adjustments are made too fast, not allowing enoughttime . )
b th ffect of previously issued fair rate estimates A STQoccupancy that remains constant at O or at lifgh-threshold is

0 _Serve € e X p Yy ¢ m : not an indication of a correct rate-estimate. But these aeeiapcases that

fairness algorithm will not converge to the fair rate. Samly, requires special handling.

3.0e-04

2.0e-04

aggregate waist time [s]

1.0e-04

For the scenario shown in figuré 1, with a modest he



A. Operation of the Moderate fairness mode To aid the convergence process, we use a rate interval,

The aggressiveairness mode declares a nodecasgested Ii_mited by a maximum and a minimum value, denoteq respec-
when theSTQoccupancy exceeds thaw threshold. From this tvely mRateMin andmRateMaz. The purpose of this rate
point onwards, as long as t1&TQoccupancy remains aboveiNtérval is to ensure that, during increasibg Q occupancy,
the low threshold, the node sends back-pressure message¥'fouse of the minimum rate value as the fair rate estimate,
its upstream neighbors. When tBFQoccupancy falls below guarantees (at some future time) a decreaSifiQoccupancy.
thelow threshold again, the node reenter teongestedtate Correspondingly, the use of the maximum rate value as the fai
and the node signals to its upstream neighbor(s), that treey EAl€ estimate, guarantees (at some future time) an inogeasi
allowed to increase their add rate. This rate increase ig donl Qoccupancy. The challenge then, is to maintain and use this
according to their own configuration settings. interval, so that_thtSTrocupancy can be kept at a relat|yely

In the moderatefaimess mode, a node (that was previouslgonstant level (i.e. at thlew threshold) and at the same time
not congested) becomes congested whenSti@occupancy avoid that theSTQoccupancy falls to 0_ or exceeds th_tgh
exceeds théow-threshold. Once a node has become congesmesr‘md- Note that the size and location of the rate |E_11erv
however, the transition back to the uncongested state is d&@$ 9iven by the values ofiRateMin andmRateMaz, wil
first once i) theSTQoccupancy has fallen below thew- change durln_g the convergence process as well as in the case
threshold, and ii) the fair rate estimate equals the maximu®h & change in the applied load.
allowed rate. The slight modification associated with the Upon transition from the uncongested to the congested state
transition from the congested back to the uncongested istatave initialize m RateMin to the value of the node’s own send
to avoid loosing control over the sending behavior of ugstre rate,lpAddRate. The value ofmRateMaz is set to half of
nodes, during transient periods where 8Qoccupancy falls the maximum allowed rate. We also set the fair rate estimate,
below thelow threshold. IpMRate to mRateMin, while the low-pass filter input (see

In the absence of a locally available and usable fair rakég.(6), mRate is set tomRateMax
estimate (remember that for a modest head scenario, thef use @elow follows a description of one iteration of the cyclic
the node’s own add ratép AddRate, prevents theaggressive convergence process, starting as we have an incre&Siqy
fairness mode to stabilize), we introduce a locally mairedi occupancy at the head, and t8& Q occupancy is below the
rate estimate Let us denote this estimateRate(moderate low threshold.

Rate estimate). We also maintain aged and low-pass filteredyhen theSTQ occupancy increases, once tB8&Q occu-
versions of this variable, denoted respectivajeMRateand pancy exceeds theow threshold, we decrease the fair rate
IPMRate The value oflpMRate is the fair rate estimate, estimate towards the minimum value of the rate interval
which is distributed to the upstream neighbors in the f&sne(,;, RateMin) by setting the input of the low-pass filter to

messages. mRateMin. Once the fair rate estimate has been sufficiently
1 . reduced, theS_TQ occupancy will start_to decrease. At this
mRate(zy  A€C0eT L aeMRue) TpCoef IpMRate(z) point for the given load, we know th_at in the ft_Jture, to ensure
s nput fiter ouput a decreasinggTQ occupancy, the fair rate estimate negd not
- be set lower than its current value. Thus, wesRateMin
P, IpCoef-1

to the current fair rate estimate.

Figure 6: Second order low-pass filter as applied to the rate estimate Nex_t, to oppo_se the decreaSIBQ'roc_upancy, we Increase
mRate. The output of the filteipM Rate, is the fair rate estimate, the fair rate estimate towards the maximum value of the rate

distributed to upstream neighbors by a congestion head. interval (nRateMax).
_ Depending on theSsTQ occupancy, this is done in one of

We use the sarfetwo-stage second-order low-pass filtefwo ways. If theSTQoccupancy is above thew threshold,
construct, used by both theggressiveand theconservative tg avoid increasing the rate estimate too much and too fast, w
modes as shown in Fig] 6. In section I, we showed that fagt the input of the low-pass filter I@RateﬂffinngateMam_
the values used fgr tp_el configuration settinggCoef and |f this is not enough, and th6TQoccupancy falls beloiow
IpCoef (p = “55zE5c7), this filter can be approximatedthreshold, the input of the low-pass filter is settdiate M az.
by a first-order low-pass filter with a time-constant, ~ Once the fair rate estimate has been sufficiently increased,
IpCocf - agingInterval [s]. In ourmoderatemode, the input he ST occupancy will, as a result, start to increase. At this
to this filter is the variablemRate while the output of the 5int for the given load, we know that in the future, to ensure
filter, IpM Rate, is the fair rate estimate. an increasingSTQoccupancy, the fair rate estimate need not

The basic idea of our faimess mode is simple. If thge set higher than its current value. Thus, wers@ate Maz
STQoccupancy of the congested node increases, the fair rgigne cyrrent fair rate estimate. By this, the cycle is codetl

estimate is too high and must be decreased. Correspondinglyy e are back to the starting point. For each iterationief th
if the STQ occupancy of the congested node decreases, lig|e the size of the rate interval is improved (reduced).

fair r im i low and m reased. . )
air rate estimate is too low and must be decreas The actual increase/decrease behavior follows an exponen-
4with the exception of a divisongeCoef applied at the input. tial ramp function, given by the properties of the secondieor




low-pass filter shown in Fig.]6. During the peri@cba‘ increas-
ing STQoccupancy, the filter-input is set ta RateMin, thus
ensuring a monotonic decrease of the fair-rate estimaterttsv
mRateMin. Correspondingly, during the periods of decreass ;54
ing STQ occupancy, the filter-input is set tmRateM ax,
thus ensuring a monotonic increasing of the fair-rate edgm
towardsmRateMaz. 5000 ¥ |
. . . ~4
The exponential ramp function ensures that the time, use) PRI
to adjust the fair-rate estimate between the max/min values 0 1'1
remains constant, regardless of the size of the rate-miterv ' Time [s]
Thus, during the convergence process, the narrower the rate (a) Fair Rate Estimate Convergence
interval gets around the RIAS fair rate, the slower the faier 100000 .
estimate is adjusted. This way, the variations in throughpu lowThreshold ——
during steady-state are minimized. 80000 . stabepth
For the simple scenario shown in Fig.1, we will show 60000 |- i .
the convergence process of omoderatefairness mode. In g o 1 3
the scenario, we assume a stable demand by the individual % V|
nodes. The example illustrates, without loss of generatlity 20000 1\ 35 8
ol 4,1\5 1

25000

mRateMax
mRateMin

20000 IpMRate ------- i

10000

s/(ageCoef*adinginterval)]

convergence for the transition between a no-load situation _

and a max-load situation (i.e. a worst-case situation). &or .

dynamic scenario, the load-change is typically much smalle 11

Thus in this case, the task of the fairness mode is to shift the Time [s]

established rate interval higher or lower, so that the néw fa (b) STQ Occupancy

rate is included in the interval. This is done by expandirg th_ i ) _ _
Figure 7: lllustration of fair rate estimate and STQ occupancy during

rate interval on one side before continuing the convergenl%ge convergence process, using the simulated scenario with a value

cycle. of 32 for IpCoef and 416s link-delays (82 km links).
Below, the convergence towards the fair rate is illustréoed

the scenario shown in Fig. 1, using 4&0(82km) link-delays
and a value of 32 for the IpCoef parameter. The convergence . ) )

of the fair rate estimatépMRate is shown in Fig. 7a while the 1€ interval of rates(mRateMin, mRateMaz), by improv-
correspondingSTQ occupancy for théhead during the same

ing (decreasing) the maximum value. From this point, uhgl t

period is shown in Fig. 7b. Significant points in the plots angd ! @°ccupancy exceeds thew threshold, we keep the input
the discussion have been marked with labels. to the low-pass filter constant atRateMaxthus keeping the

Let us assume there are currently no active nodes on e value sent to upstregm nodesd CC;EStatr;]t' A:] plglnt 6d the
ring. At time ¢; (the point labelled 1), nodes 0, 1, 2 and Q occupancy once again exceeds fbe threshold, an

all start to transmit traffic to node 4. This will cause tH&Q ?I)t prctevenkS'lt'QMqve_lr_frI](_)w, weltse_t the dmput to _thethlow-ptas?
occupancy of node 3 to start to fill. ilter to mRateMin This results in a decrease in the output-

At the point labelled 2, node 3 becomes congested, thus %aﬁlue of low-pass f|.Iter. _The effect of this is seen at pomF 7
. . ) . where the growth-direction of thETQoccupancy once again
perform the initial variable assignments as described @bo

From this point, the value opMRatewill increase towards ecomes negative. At this point, we have a new estimate éor th

mRateMax The effect on theSTQoccupancy is that at first, minimumm rate-valuemRateMlm thus effectively re_ducmg the
L T interval of rates,(mRateMin, mRateMaz), by improving
it will have a transient initial increase, before the effetthe

reduced rate value is observable at the head (at point 3). g%clﬁfrs :enngi);hgen};nlgirglu\;a;léeéﬁ ;t)k?;nag;ttr;ec?:rg?;rttsratg
long as theSTQ occupancy is above thiew threshold and ) Y y - By

. this, we are back to the starting point. At point 7, the only
decreasing, to oppose the decreasfig) occupancy, we set difference is that when entering the cycle starting at 7, the
the input to the low-pass filter tg:fateMaztmRateMin —|f 9 Y 9 ’

: ) 2
this is not sufficient to oppose the negat&&Qgrowth. Once mterval_of rates have been (S|gn|f|c§1ntly) reducg d conpare
to the size of the interval when entering the previous cyate (

the STQoccupancy falls below theow threshold, we set the 3)
input to the low-pass filter tmRateMaxThe result is seen at ™" . .
point 5, where the increased output-value of the low-pates fil 1he reader may have noticed that an explanation of the
results in an increase in trBTQoccupancy. At this point, the Point labelled 4 has been omitted. At this point, @Qhas
value of mRateMaxis replaced by the current output valud®€come empty (because the valuenoRateMinis currently

from the low-pass filterlpMRate Thus effectively reducing 100 low). To rectify this, and to minimize underutilizatia
the link, the value ofmRateMinis corrected slightly based

5The description in this paragraph is a slightly simplifiedsien of that on its ?urrent_ Val_ue and the v_alue ofRateMax A similar
provided above, and is thus not entirely correct. corrective action is performed if th8TQoccupancy reaches




the high threshold. A second corrective action we perforroffset, where the offset is decided by the amount of traffic

to avoid underutilization of the congested link, as long asansmitted by théead

it stays within rate restrictions (if such exist) receivednh For the moderatefairness mode, once a fair rate estimate

downstream nodes, is to allow the congested node (the hehd} been calculated, we do not see the the full effect of it

to add traffic to the output-link as long as the transit quesue hefore a system time-constant later. Further, the eshabéat

empty. and maintenance of maximum and minimum rate values can
Another observation the reader may have done, is that tiely be done by observing local maxima and minima points

points (i.e. 3, 5 and 7) where t18I Qgrowth-direction changes of the STQoccupancy. Thus when using thederatefairness

is not exactly at the local minimum/maximum points 8FQ mode, the establishment of a rate interval takes more tiine th

occupancy. This is to avoid making any rate adjustmentscbader the aggressivanode.

on accidental variations iBTQoccupancy (i.e. measurement However, as we shall see in section VII, the performance of

“noise”). the moderatefairness mode, when used in the presence of a

) . . greedy head, is comparable to that of tggressivefairness
B. Comparison of the Moderate and the Aggressive Fairnegg,qe.

Modes

The moderatefairness mode may seem overly complex VII. PERFORMANCEEVALUATION
compared to theggressivdairness mode. Added complexity In this section, we present results for a set of carefully
however, is difficult to overcome. For a greedy head, runnirgglected simulation scenarios. The goal of this seleciaio i
theaggressivdairness mode, whenever the fair rate estimate évaluate and compare the performance of our proposster-
too low, resulting in decreasingTQoccupancy, thieadmay atefairness mode to that of theggressivend theconservative
quickly (almost immediately) compensate for this usinglc fairness modes for some fundamental load-patterns. Having
added traffic. And vice versa, when the fair rate estimateds tdone this, it is should be possible to predict the behavior of
high, local traffic can be held back. This makes it possible tur moderatefairness mode for many other load-patterns.
quickly establish self-adjusting rate intervals where ltheer Thus in section VII-A, we start by comparing the behavior
rate limit is established once tIf&TQoccupancy exceeds theof the moderatefairness mode to that of thaggressiveand
high threshold and the higher rate limit is established once thenservativefairness modes when the head has a greedy
STQoccupancy falls below thkigh threshold. The rate limits sending behavior. Next, in section VII-B we compare the
are not explicitly stored in separate variables, but theialperformance of thenoderatefairness mode to that of the
of the localaddRaterate counter, which is the output signabggressiveand the conservativefairness modes when the
from the first low-pass filter for thaggressivefairness mode, head has a modest sending behavior. In seétion VII-C, we
is quickly (in a matter of a few aging intervals) updated tdemonstrate the ability of thmoderatefairness mode to adapt
the new rate limit for both the increasing and decreasing rab a dynamic load scenario. Finally, in section VII-D, we &av
periods. run an extensive series of simulations, where we for eac¢h tes

The moderatefairness mode can in some sense, be consiskenario and each allowed value of th€oef parametertest
ered a generalized version of thggressivedairness mode. In the ability of theaggressiveand ourmoderatefairness modes
the case ofmoderatefairness, we do not (and cannot) relyto converge to the fair division of rates as the size of theetes
purely on the capability of the head to compensate for bagtwork is increased.
fair rate estimates by the increase or throttling of locaffic. In our paper “Congestion Domain Boundaries in Resilient
Thus we establish and maintain explicit rate intervals totlhe Packet Rings” [15], we analyzed a problem, where the the
convergence of the fair rate calculation process. Further, tail of a congestion domain stops the propagation of fagnes
cannot use the node’s measurements of locally added traffiessages received from a downstream head. The negative
as the fair rate estimate, as the correlation between the'siogide-effect of this behavior is that a node upstream of the
own add rate and the congestion state is rather weak. Thag$ may send excessive amounts of traffic, thus preventing
we have to introduce a separate rate variable (much the saim® convergence of the fairness algorithm. Thus we incur
way as is done for theonservativefairness mode). Once aboth unfairness as well as non-convergence of the fairness
congestion state is established, we regulate the valueeof Higorithm. In the same paper, we proposed and evaluated a
rate estimate within the established rate interval, basethe modification, termed theail-fix, that solved these problems
STQoccupancy level and growth direction. by a conditional propagation of the fair rate estimate beyon

As discussed in section Ill and shown in Figl 4, theéhe tail of a congestion domain. In the performance evalnati
establishment of a rate interval based on measurementsegperiment that follows, we make use of thal-fix when
local traffic only, results in large oscillations in throymh evaluating the performance of our proposedderatefairness
and reduced utilization of the congested link. This is beeaumode.
the rate interval which is established by measurementscaf lo ) ]
traffic is incorrect — it is not centered around the fair rate. A~ Convergence when head has a greedy sending behavior
an interval of rates, where the fair rate should be the centerIn this experiment, we compare the performance of the
the center of the interval is effectively placed at a negatiaggressivethe moderateand theconservativefairness modes



in the presence of a greedy head node. Further, in the first par Moderate Fairness - Troughput of traffic received by node 4

of the experiment, we use the context determination functio 16409 : : : : :
introduced in section V to allow for the selection between
the aggressiveand themoderaterate calculation modes, in - 708 | T
accordance with a node’s sending behavior and congestic@; 6e+08 | ]
status. 5 4e+08 [ | .
We use the same scenario as before (depicted in Fig. 1), but 2e+og |- | = 7
for this test, all nodes send as much traffic as possible. The o L1 . . ! !
per node configuration is shown in Table I. 11 112 1.14 1.16 118 12
Time [s]
Parameter Name Value
Cine Rate 1 [Gbits] Footal roma From 0
Packet size 500 [B] (fixed)
All nodes (in congestion domain) sending behav|oGREEDY Figure 9: Moderatefairness mode with a greedy head. The conver-
STQ Thresholds gence time is 8ms (steady-state is obtained at 1.136s) longer than for
- low 31812 [bytes] the aggressivdairness mode for this scenario. Full link-utilization is
- high 120000 [bytes] achieved as fast as for theggressivedairness mode.
rampUpCoef 64
rampDnCoef 64
ageCoef 4 Conservative Fairness - Troughput of traffic received by node 4
IpCoef 64
link-delay 410 [us] le+09 F —— I N
Start of traffic 1.1s 8e+08 ‘j‘ N |
Table I: Configuration for comparison of the three fairness modes ir§ 6e+08 | | i
the presence of a greedy head. g 40408 |- “g |
: . : . 2e+08 | |n T T
First, we let the context determination function (i.e. the
. " . . 0 Ll N 1 1 1 1
value of theIpWalstTlm_evarlabIe), decide Whether the head 11 112 114 116 118 12
should use theaggressiveor the moderatefairness modes. Time [s]
In the case of a greedy head. The value of lip\@aistTime
variable remains at 0, thus theggressivefairness mode is Frgﬁ}%} E:gmi """"" From 0

used. Next, we force the use of theoderatefaimess mode, Figure 10: Conservativefairness mode with a greedy head. The
regardless of the value of thWals_tTlmevanable. Finally, convergence time for theonservativefairness mode is much longer
we force the use of theonservativdairness mode, regardlessiyan for the other two fairness modes. Additionally, once steady state

of the value of thdpWaistTimevariable.

Aggressive Fairness - Troughput of traffic received by node 4

is achieved (shown in Fig. 11), we incur some reduced link-utilization
because of the periodic event of an emBHQ buffer in the head.

le+09 [ T, ' ' ' ' convergence time of 28 ms is the shortest (stable statevachie
_ 8e+08 | ‘x’ . at time 1.128s) of the three fairness modes. Full link-zdifion
8 eet08 | | i is achieved almost immediately, as the head will utilize any
2 46408 - | | available bandwidth over the congested link, not in use by
= poros L | | transit traffic.
o i‘”. . . . . The throughput convergence for thederatefairness mode
11 112 114 116 118 12 for the same scenario and using th(=T same co_nfiguration is
Time [s] shown in Fig.[ 9. The convergence time here is somewhat
| ) o higher. Steady state is achieved at time 1.136s, after 36ms.
Tota From2 - From i ilizati i i i i
From 3 From 1 fhull I|nk-u:|lt|zat|0{1 h(()jwe(;/dert, |?f_ac':h|ev§.d.|mtrr:e<:_|ﬁ1ttehlyr‘(ccl;2t
Figure 8: Aggressivefairness mode with a greedy head. This typ mtla()sum otfransit and a rafiic 1s suthicient to Tifl the odtpu

of scenario is optimal for theggressivefairness mode, providing . .
faster convergence than the two other fairness modes. At time 1.02850r theconservativefairness mode, the throughput conver-

throughput convergence is achieved. gence for this scenario is much slower. As seen from Figures
9 and[10, at the time where th@oderatefairness mode
We start by comparing the throughput convergence of thas reached steady-state (1.136s), ¢baservativefairness
three fairness modes. From the measurements performed,maa@e has only reached 91% link-utilization. As seen in Fig.
calculate the time it takes for the throughput of all flows ta1, full throughput for theconservativefairness mode is not
stabilize at a level within:5% of the steady-state (fair) value.achieved until 1.222s. Furthermore, as seen from[Fig. KL, th
For the aggressivefairness mode throughput convergencesonservativefairness mode suffers from sustained oscillations
shown in Fig.[ 8, we found as expected that its associatied total throughput, leading to a minor reduction in link-




Conservative Fairness - Troughput of traffic received by node 4

le+09 i - LA . g N, W
i
__ 8e+08 -
8 6e+08 B
‘\(,," Conservative Fairness (excerpt)
S 4e+08 | R Troughput of traffic received by node 4
2e+08 ,” 25— 2.6e+08 T T T T T T T T
IIE 1 1 1 1 1 1 1 1
11 12 13 14 15 16 17 18 19 2 2.55e+08 - | i
Time [s] g 25e+08 |
Total From2 --------- From O a8
From 3 From 1 S, 2.45e+08 |
Figure 11: Conservativefairness mode with a greedy head. The 2 46408
plot shows the reduced link-utilization (reduction in aggregate/total Ae+0s
throughput) caused by the periodic under-run of the he&ilQ
2358"’08 1 1 1 1 1 1 1 1

buffer. 12 13 14 15 16 1.7 18 19 2

Time [s]

From3 ——

utilization.
From 2

In addition to the throughput convergence and link- o _
utilization characteristics of the three fairness modes,can Figure 13: Excerpt ofconservativefairness mode throughput with

K th b i the th hout f a greedy head. As seen in the figure, the throughput of traffic from
make another observation on the throughput performancey a4 s not penalized. This is because in steady-stateSTe

the three fairness modes. In tlggressivefairness mode, occupancy oscillates varies between 0 and rthediumthreshold.

when the head is greedy, tlisd Qoccupancy oscillates around
the high threshold. The RPR scheduling rules block local
low-priority traffic whenever the&STQoccupancy reaches this
threshold. This causes the throughput of the head to falesom
what below the throughput of its upstream greedy neighbors.
For themoderateand conservativanodes, where th8TQoc-
cupancy oscillates around thaw threshold (noderatemode)

or between empty and thmediumthreshold ¢onservative
mode), this is not the case. In this case, the head will achiev
its (full) fair share of the available bandwidth. This effean

be seen when comparing figufes 12} 13 and 14.

Moderate Fairness (excerpt)
Troughput of traffic received by node 4

2.6e+08 T T T T T T T T
Aggressive Fairness (excerpt)
Troughput of traffic received by node 4 2:55e+08 THY
2.6e+08 — T T T T T T T 'g' 2.5e+08 |t
(2]
)
2.55e+08 |- T S 2.45e+08 |
g o8y 2.4e+08 | 1
7
E 2.45e+08 -y T T vV Vv vV Vv r v v v Vv v vy v v rvvrrvy v— 2.35e+08 . . . . . . . .
rerrrerrrrrr e e rr e e 12 13 14 15 16 17 18 19 2
2.4e+08 | 7 Time [s]
2.35e+08 . . . . . . . From3 —— From1 ---------
12 13 14 15 16 17 18 19 2 From 2 From 0

Figure 12: Excerpt ofaggressivefairness mode throughput with a
greedy head. As seen in the figure, the traffic from the head (nq

Time [s]

From3 ——
From 2

Figure 14: Excerpt of moderatefairness mode throughput with a
greedy head. As seen in the figure, the throughput of traffic from
the head is not penalized. This is because in steady-stateSTe
occupancy oscillates around thew threshold. The variations in
tHroughput may seem large, but are withih2[packets/averaging
ferval] of the mean (the fair rate). The averaging period is 2ms.

3) does not get its full fair share of bandwidth over the congested
link. This is caused by the blocking of local traffic once BiEQ
occupancy exceeds tigh threshold.



B. Throughput Convergence for an Unbalanced Traffic Sce-
nario

. . . . Aggressive Fairness - Troughput of traffic received by node 4
In this test, we use the configuration shown in Table II.

Notice that the head is configured as a modest sender, sending 1e+09 -
CBR traffic at 5% of the line-rate. - B8et08
S  6e+08
Parameter Name Value @
Line Rate 1 [Gbit/s] 5 4e+08
Packet size 500 [B] (fixed) 2e+08
Head's Sending Behavior CBR traffic 0
at 5% of the line rate|
All other active nodes (in congestion domaih)GREEDY
sending behavior
STQ Thresholds [ |,
31812 oyt
- high 120000 [bytes]
rampUpCoef 64 Figure 15: Aggressivemode throughput convergence when head is
rampDnCoef 64 modest. As seen, theggressivefairness mode does not converge
ageCoef 4 for this scenario. Additionally, the link utilization (as seen in the
IpCoef 64 reduction on total/aggregate throughput) is reduced.
link-delay 410 [ps]
Start of traffic 1.1s

Table II: Configuration for comparison of the three fairness modes
in the presence of a modest head.

Conservative Fairness - Troughput of traffic received by node 4

For this configuration, as expected (discussed in sectipn Il le+09 T — . . . 4
the throughput convergence of tlaggressivefairness mode ge+08 | ]
(shown in Fig.[ 15) does not converge to the fair dIVISIOH'_‘ T
of sending rates. Furthermore, the magnitude of the mduceg ber08 | i
oscillations results in reduced link-utilization (i.e.etotal 5 4e*08 - | T
throughput falls below the maximum obtainable). 2408 o T -

The throughput convergence for tltenservativefairness 0 : ! : !

mode is shown in Fig. 16. As seen from the figure, it takes
approximately 72ms just to reach a level of 90% of the
available throughput on the congested link. Furthermdre, t Total —— From2 - From 0
conservativenode of operation causes t8d Qoccupancy to From 3 From 1
fall to 0 at periodic intervals (just as for theggressivanode). Figure 16: Conservativenode throughput convergence when head is
For the conservativefaimess mode, this leads to a reductiofflodest. As seen, tinservativefaimess mode converges slowly.
in link-utilization for the congested link. For this paiar ﬁrﬁktlmﬁzétgrfs the total throughput has only reached 90% of full
scenario, the average reduction in link-utilizationais0.5%.
Given the small magnitude of tlmnservativdairness mode’s
throughput-loss during steady-state, this can be negldote
most practical cases.

Finally, in Fig.[17, we show the throughput convergence Moderate Faimess - Troughput of traffic received by node 4
of our moderatefairness mode. As seen from the figure,

L . : 1e+09 F ' — '
the convergence time is 52ms. During the transient phase, as e -
the rate control algorithm is working on improving the sizew 8e+08 1 i
and position of the rate mterva(lvnRateM in,mRateMax) & 6e+08 f y

(discussed in section VIHA), we have some brief perlods 4e+08 -
where theSTQbecomes empty, thus resulting in a temporary  2e+08 |-

reduction in total throughput. Because of the low demand of 0 I ! L
the head, there are no local packets available for tran&miss 114 1.16 118 12
every time theSTQ becomes empty. Once steady-state is Time [s]

obtained however, th&TQdoes not become empty, and we Total From?2 - From O

do no longer incur any reductions in the link utilization. From 3 From 1

Furthermore, as seen from the figure, we have a fair shariRgure 17: Moderatemode throughput convergence when head is
of the capacity of the congested link. modest. Thenoderatdairness mode converges within 52ms and after

this point, there is no loss in link-utilization.



C. Convergence for a Dynamic Traffic Scenario Moderate Fairness Algorithm - Dynamic Scenario

In this test, we use the scenario shown in Fig. 18. The per Throughput of traffic received by node 8
node configuration is shown in Table]lll. The purpose of this ' ' ' '

test is to show that ounoderatdairness mode is able to adapt 1e+09 F‘H‘ | | [
to changing load conditions. Thus during the simulation, run ‘ V | “ h
we start by, at time 1.4s, decreasing the load, before we, at ‘ \ !
time 1.6s, increase the load. \ |
8e+08 |- - .

6e+08 | | 1

(2]

Figure 18: A congestion domain consisting of various active nodesz
All active nodes send to node 8. Thus the link between nodes 7 and  4e+08
8 is the most congested link in the domain.

bits/sec]

Parameter Name Value

Line Rate 1 [Gbit/s] 2e+08 - .

Packet size 500 [B] (fixed)

Head’s Sending Behaviof CBR traffic at 5% of the line ratg

All other active nodes GREEDY

(in congestion domain) i o

sending behavior 0 - e 1
STQ Thresholds

- low 31812 [bytes] 1 1 1 1 1 1 1 1 1

- high 120000 [bytes] 11 12 13 14 15 16 17 18 19 2
rampUpCoef 64 )

rampDnCoef 64 Time [s]

ageCoef 4 Total From 5 From2 -----
IpCoef 128 From 7 From 4 Froml
link-delay 410 [pus] From6 -------- From 3 FromQ -
Start of raffic Per node settings specified beloyy Figure 19: The figure shows the convergence fontiueleratdairness

Table llI: Configuration for dynamic traffic scenario. mode for a dynamic traffic scenario. In this scenario, nodes 0, 3,
4,5, 6 and 7 transmit traffic from time 1.1s. At time 1.4s, node 4
. . . ops transmitting traffic. Finally, at time 1.6s, nodes 1 and 2 start to
) The resulting throughput fo.r the various n_odes IS Shov‘?éinsmit traffic. All nodes operate as greedy senders, expect fie no
in Fig.[19. As seen from the figure, our algorithm CONVErges the head, which transmits traffic at 5% of the link-rate.
nicely as the number of active senders increases as well as

when the number of active senders decreases.

When the load decreases, the rate interval specified tiye (1.6s), although the load change is larger (2 additiona
the fairness mode variablés:RateMin, mRateMax) (dis- nodes start sending) than at the previous time (1.4s) (1 node
cussed in section VI-A) is located too low. Thus, as a restopped transmitting), the convergence time is approxyat
of this and the modest demand of the head, 8%Q will equal to that of the previous load change.
become empty during the transient phase, where the fairness
mode works to shift the position of the rate interval higher.

Thus at time 1.4s, the link-utilization is temporarily reed
(seen by the dip in total throughput), before reaching itg-ma
imum value again, following the convergence of the fairness
algorithm.

Similarly, when the load is increased at time 1.6s,
the rate interval specified by the fairness mode variables
(mRateMin, mRateMaz) is located too high. Thus, as a
result theSTQoccupancy will exceed theigh threshold. Thus,
local traffic from the head, will be blocked during portions o
the transient phase, where the fairness mode works to shift
the position of the rate interval lower. We also notice that
following this, the STQ occupancy falls briefly to 0 (seen by
the short reduction in aggregate throughput). Notice thttia



D. Convergence Time as a Function of Aggregate PropagationThus for a period of duratiof,,st.,, the head should be

Delay able to buffer an amount of transit traffic equal to the maxi-
um amount of local traffic added during the same period.
hen receiving transit data at the maximum allowed rate,
greservedRateas long at theSTQ occupancy stays below

gie high threshold, the add rate of the head is limited upwards

In this section, we want to compare the performance
our moderatefairness mode to that of theggressivdairness
mode as the size of the network (congestion domain) to
I s experiment. for each alowed vl of datoet B e RPR scheduling rules taldRafe < 222cos
parameter, we run a series of simulations. For each siroulati Thus for the configuration of th€TQ S'Z_e and associated
run, we increase the network size. That is, we increase ﬁl?éeShOIdS’ we get the formula as follows:
per link propagation delay, thus increasing the time-camst
Tsystem, Of the congestion domain. After the simulation has (high — low) > unreservedRate
been executed, we post-process the throughput data adhtaine - 2
to determine the convergence time of the fairness mode Useq:urthermore, if we use the RPR standard’s default value of

A non-converging simulation-execution is represented By @, |ow threshold and convert to units of bytes:
infinite value of the convergence time.

- Teystem |bits] (10)

Parameter Name | Value low — igh (11)

Line Rate 1 [Gbit/s] 4

(unreservedRate) We get:

Packet size 500 [B] (fixed) get

Upstream Nodes | GREEDY

Sending Behavior ) high _ unreservedRate

STQ Thresholds high — 1 = 16 “Toystem [bytes]

- low 30000 [bytes], fixed size STQ

- high 120000 [bytes], fixed size STQ = high > unreservedRate - Tsystem |bytes]  (12)
otherwise given by (11) and (12) 12

rampUpCoef 64 For theaggressivefairness mode, we know that the fairness

ramcp:anCoef 24 mode does not converge when the head has a modest sending

ﬁ)%eoec;e {16, 32, 64,128, 256, 512 behavior (represented by the cross in Figl 21), thus for this

link-delay free variable mode, we present results for a greedy head sending behavior
(all links are of equal length) only.

Start of traffic 1.1s If we consider the results for theggressivdairness mode,

Table IV: Configuration for scenario where we investigate the relatioff® find that larger size of th8TQdoes not translate direcBly
between convergence of fairness mode and the aggregate propagatfrihe stable operation of larger networks. This is illustda
delay of the congestion domain. by Fig.[21 a) and b). Fig. 21 a) shows the convergence result
for the scenario, where the size (and associated threghafids
The experiment is repeated for various load-configuratiotie STQis a function of the round-trip propagation delay (i.e.
of the head (greedy and modest) for the two fairness modegst) Of the congestion domain.
as well as using a fixe®TQsize and aSTQsize that is a  Fig.[21 b) on the other hand, shows the convergence result

function of the aggregate propagation delay. for the scenario, where the size (and associated thregholds
The configuration of our experiment is summarized in TabRf the STQis kept fixed according to the settings shown in
[IV]and Fig.[20. The results are shown in Fig. 21. Table[IV. When we compare the two figures, we see that

For fast convergence of the fairness mode, let us assufie experiment where we use a fix&I Qsize, the fairness
that the region between t1&TQthresholddow andhigh must algorithm converges for networks of a larger size than fer th
be able to buffer data for a period given by the system tinfXperiment where th8TQsize is a function ofrgysterm.-
constant =y stem . FOr simplicity, we express,, stc, in terms The reason for this is that an increased size of $1&)
of the round-trip propagation delay of the congestion domabuffers (i.e. when theSTQ size is a function ofryssem)
to be controlled as shown in (9) (disregarding transit paith acontributes to increasing the queueing delay in the transit
transmission delays). path of the congestion domain. This leads to an earlier onset

(i.e. for networks of smaller size) of the problem describred

[15], where node 1 will periodically assume the role as tail
Teystem = (|congestionDomain| — 1) - 2 - t;, (9) of the congestion domain. During the periods where node 1

operates as tail of the congestion domain, node 0 is allowed

In the formula, |congestion Domain| is the size (number to transmit traffic at excessive rates, prohibiting conees
of nodes) in the congestion domain ang is the length of the fairness algorithm.

(propagation delay) of a single link in the network (all lgnk
are of equal length). 6This does not mean the tr&TQbuffer can be arbitrarily small.



fairness mode
test configuration

aggressive

unstable

moderate

greedy head modest head

increasing STQ fixed STQ increasing fixed STQ increasing STQ fixed STQ increasing STQ fixed STQ
size Q) size b) size, ize size C) size d) size @) size f)
\

Figure 20: Test configuration overview for section “Convergence Tawe Function of Aggregate Propagation Delay”. Notice the letters
a-f in the lower right-hand corner of the leaf-nodes in the tree. Theset poithe corresponding sub-figure number in Fig. 21 on the next
page, showing the simulation results for this experiment. The part of thevithea cross over, corresponds to so called unbalanced traffic
scenarios discussed in section Ill. For these scenariosatigressivefairness mode does not converge, so we do not show any results for
these tests.

greedy head

If we consider themoderatefairness mode (Fig. 21 c-f), moderatefairness mode provides stable operation for a larger
we see that it is of importance that tI8TQ and associated range of network sizes, as well as for unbalanced traffic (i.e
thresholds are set large enough. The reason for this, ishtbat modest head) scenarios. While the operation ofadpgressive
observatiah of local optima (i.e. changes in growth directionmode fairness mode can be modified to support networks
of the STQoccupancy, should be done without tB€Qbecom- of larger size (e.g. by using our modification proposed in
ing empty or exceeding th@gh threshold. While this is OK in [15]), we are not aware of any modifications providing stable
the initial phase (it may actually speed up the convergencedperation in unbalanced traffic scenarios.
many cases) of the convergence process, the process will ndh concluding this section, it appears that thederate
converge if theSTQthresholds are set so that these thresholfmrness mode provides a stability property where, the con-
are encountered at every cycle of the convergence proces&sgence of the fairness mode is a function of the network
Equation|(12) provides a conservative estimate of the redui size and setting of the IpCoef parameter. We have previously
threshold setting of thesTQ The fixed value of theSTQ demonstrated this property for tteggressivefairness mode
high threshold used for experiments d) and f) translates {8].

a limitation of 120-103 > 2.7 o = 1 om < 1.44ms

for the system time-constant. For theoderatefairness mode
and a head sending at 5% of the line-rate (Fig. 21 f)), we
see that thisSTQ setting provides adequate performance for
a network of a size< 10 times this. At this point (i.e. when
Teystem ~= 14000) however, forlpCoef = 512, we see that
although the fairness mode converges, it takes consididyate
more time than if we increase the sizing of t8&Q (shown

in Fig.[21 e)).

Another property worth noting for thenoderatefairness
mode, is that convergence may take longer if the head is
modest than if the head is greedy. This is in large part due
to the fact that when the head is greedy, the head will be
able to observe the resulting effect of a rate change much
faster than when the head is modest. In particular, a change
in STQoccupancy in response to the head’s change in locally
transmitted traffic may be observable almost immediately.

Finally, if we compare the performance of tlaggressive
fairness mode to that of thenoderatefairness mode, we
see that convergence for thmoderatefairness mode takes
somewhat longer for the greedy head scenarios. However,
provided sufficiently sized and configure&liTQ buffers, the

"Remember that it is the finding of the local optima of 8iEQoccupancy
that enables the fairness mode to improve the size and posititve dynamic
rate range used to limit the adjustment of thederatemode fair rate estimate,
IpM Rate.
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Figure 21: Throughput convergence for RAggressiveand Moderatefairness modes.



VIII. RELATED WORK

Other groups having looked into the problems of sustainélae
large oscillations and resulting loss of link-utilizatidior
unbalanced traffic scenarios, have mostly solved the pmobl
by proposing alternate fairness algorithms that would Have
replace the current RPRggressivemode fairness algorithm
[9], [10]. Some work have presented results that seems to fi

Furthermore, in section VII-A, we have demonstrated that

use of themoderatefairness mode in the head, inter-

operates well with the use of treggressiveairness mode in
gpstream nodes. We have however not tested interopeyabilit
with the conservativefairness mode, thus we can only claim
partial conformance to DO5.

tln conclusion, we will claim that our Design Objectives

within the framework given by the RPR standard [11]. In thdPOS) presented in section IV have been partially fulfilled.

work however, the effect of the proposed madifications is to
reduce the symptoms (oscillations) rather than removiegith

IX. CONCLUSION

In this paper we have proposed two novel contributions.
The first contribution is a context determination functiom, [1]
enable the head of congestion domain to decide whether it &
using its fair share of bandwidth over the congested linke Th
method is based on local information only and does not requif3]
knowledge on the number of nodes sending traffic over the
congestion point. The second contribution is a novel fasne [4
mode, which we have called theoderatefairness mode. [5]
The moderatefairness mode can be regarded as a generalized
version of theaggressivdairness mode, where we by use of an
explicit, self-adjusting rate interval and the RPR 2-sthye
pass filter construct, control the convergence of thederatg
fair rate calculation process. By use of this fairness mtue,
problems reported for so called unbalanced load-scen&ios
avoided and we do not incur the large throughput oscillation
and resulting reduced link-utilization. (8]

For the tested scenarios, aunderatefairness mode outper-
forms the conservativdairness mode in terms of convergence
time and link-utilization. For themoderatefairness mode,
regardless of the sending behavior of the head, the average
steady-stat&TQoccupancy in the head equals tbes thresh-
old. Thus providing a relatively low transit delay for alaffic
classes. This is clearly better than for thggressivefairness
mode, where for a greedy head, the aver&J&) occupancy
equals thehigh threshold.

In the moderatefairness mode however, the head cannot
compensate for errors in its fair rate estimates purely ley th
. . ) g [12]
increase or throttling of local traffic. Thus, for some saérs
the convergence time may be somewhat longer than that of the
aggressivefairness mode. (23]

As seen in sections VII-A-VII-D, oumoderatefairness ;4
mode converges to the fair division of sending rates, as well
as maintaining full link-utilization for a broad range ofted
scenarios, thus we claim conformance to/ DO1 and DO2.

There is no clear definition of a “minimized set of changes”,
neither is it clear that it makes sense to try to formulatéhsac [15]
definition. Thus conformance to DO3 can be argued. We have
however, by use of existing statistics data, introductiérao [16]
set of new state variables and a new state machine (for the
fair rate calculation) introduced a new fairness mode. Thus
we claim conformance to DO3 and DOA. [17]

6]

(11]

80nce in steady-state, the link-utilization of thenservativemode is only
slightly lower than that of thenoderatefairness mode.

9] V. Gambiroza, P. Yuan,

X. FURTHERWORK

In further work, it would be interesting to test ommoderate
fairness mode for an even broader set of test scenarios.
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