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Abstract

Congestion has been an open issue in lossless intercommeetiworks for the last twenty years.
In this environment, as packets can not be dropped, congestay lead to a dramatic degradation of
network performance. Although congestion was traditiyreloided by overdimensioning the network,
this solution is no longer valid due to cost and power congiongoncerns, that tend to reduce the size
of the network in current systems. The restriction on nekveize makes the system working closer to
the network saturation point, thus increasing congestiobability. Therefore, an effective congestion
management mechanism is essential in order to avoid nefperfermance degradation.

However, except the recently proposed RECN mechanism, obtige congestion management
strategies proposed in the literature had been able toaghaé the same time, the required efficiency
and scalability levels demanded by emerging systems. $npdaper we analyze the difficulties in han-
dling congestion on lossless interconnection networkentiflying the key points for the design of an
efficient and scalable congestion management techniqueal$edescribe how these ideas have been
implemented in the RECN design. Moreover, we also show tBAER is fully compatible with the

Advanced Switching standard, allowing efficient and sdalabngestion management in real systems.
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1 Congestion in Lossless Interconnection Networks

Congestion in interconnection networks is a widely knowergimenon. The origin of congestion is net-

work contention, that happens when different packets e same resource (typically the output port).



In these cases, the access will be granted to only one patkig, the rest must wait. When contention
persists over time, the buffers containing the blocked etcwill be filled and the flow control, in lossless
networks, will prevent other switches from sending packethe congested ports. Although flow control is
essential, it will rapidly propagate congestion to otheitalves, as packets stored on some of their ports will
be also blocked. In this way, congestion may progressivedgasl through the network, forming “conges-
tion trees” whose “branches” will match the paths followsddata flows contributing to congestion (“hot
flows”).

Although congestion trees may actually evolve in diffengays (see sidebar “Dynamics of Congestion
Trees”), all of them degrade severely network performarRackets belonging to hot flows prevent other
packets from advancing, even if they belong to non-condefitevs (“cold flows”). This phenomenon is
known as Head-Of-Line (HOL) blocking, and it happens wheraekpt ahead of a FIFO queue blocks,
preventing the rest of packets in the same queue from adv@n@if course, the wider the congestion tree,

the greater the probability of HOL blocking caused by cotegpackets.
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Figure 1: Network performance degrades after congestipeapnce

The impact of HOL blocking on network performance can be genjous: specifically, network through-
put may degrade and packet latency may increase. For imstRigure 1(a) shows the generated traffic and
network throughput in 84 x 64 bidirectional multistage interconnection network (BMIX)ongestion has

been generated by the injection of traffic (at the maximuraatpn rate) fron8 sources to the same des-



tination (hot-spot traffic) during a small time interv8D() microseconds). The rest of endnod&s)(send,

all the time, traffic adressed to random destinations. Tausngestion tree is created whose root is at the
hot-spot destination. Note that network throughput noy aalverly degrades (by a 70%, approximately)
when congestion appears, but it also keeps low beyond thefehd hot-spot traffic generation. Of course,
this network throughput degradation is due to the HOL blogkproduced by the congestion tree to other
(non-congested) packets.

On the other hand, Figure 1(b) shows the average packetjatkming the same congested situation.
As it can be observed, this latency increases from few naoosks (before congestion) to several hundreds
of microseconds (five orders of magnitude). Note also thHatlgtbency returns to the low values, but only
after several miliseconds. This also confirms that packeterience massive HOL blocking during and
after the hot-spot injection.

Although the negative consequences of congested sitsatiave been always clear, network conges-
tion has not been considered a problem until very recenttys i because, for many years, it was usual to
overdimension the interconnection network, using muchenmmtwork components than the minimum re-
quired for connecting all the system endnodes. By doing thisnetwork is working far below the network
saturation point due to the low link utilization, and so tliehability of congestion is also low.

Thus, the question is: Why should we care for congestion nd@ answer is that, unfortunately,
overdimensioned networks are becomming unappropiate algest and power consumption constraints.
Current interconnect components are very expensive whmpaeed to processors. Thus, the network
represents a high percentage of the total system cost. Ootlilee hand, as VLSI technology advances
and link speed increases, interconnects are consumingaasing fraction of the total system power [21].
To make this even more critical, current high-speed linkpiii® continuous pulse transmission in order
to keep both ends synchronized, even when no data are bamgniitted. As a consequence, link power
consumption is almost independent of link utilization.

Although frequency/voltage scaling techniques [21] haserbproposed in order to reduce power con-
sumption, the efficiency of these techniques is not satsfpat all due to their slow response, and anyway
they do not solve the cost problem. Taking all this into actpit is nowadays advisable to reduce net-

work size for reducing system cost and power consumptiorviddbly, if the system computational power



Dynamics of Congestion Trees

The traditional view of congestion trees was based on sosangstions about their dynamics that have
become obsolete for current commercial switch architesturFor instance, it was a popular belief that
congestion appears always at switch output ports. Howéhigridea is a reminiscence of the days when
switches had only queues at output ports (OQ switches),tandiét valid for the switches commonly used
nowadays, that have queues at input ports (IQ switches)tbrab@nput and output ports (CIOQ switches). In
fact, in [11] it is shown that, in modern switches, congeastitay appear on input or output ports, depending
on the number of flows causing congestion and on the intemi&tls speedup (maximum speed at which
packets can be forwarded to the outputs ports, relativenkosipeed).

Another “classic” assumption was that congestion treeaydvgrow from root to leaves. Again, in [11] this
idea is refuted, showing that, in modern networks, and ddipgron traffic patterns and switch architecture,
congestion trees may evolve in several ways, exhibiting eemplex dynamics. For example, a tree may
grow from leaves to root and vice versa. Also, several cdigesrees may grow independently and later
merge, and it is even possible that some trees completelfapwerhile being independent. This complex
and varied evolution of congestion trees should be corsitlen the design of any congestion management

technique in order to handle congestion situations in anieffi way.

must be kept, the only way for reducing network size is togase the number of endnodes attached to
each switch or using a more suitable topology. However, driiese solutions will lead to a higher link
utilization, and so the network working close to the satarapoint, thus increasing congestion probabil-
ity. To sum up, congestion situations will be more commondurrent networks. Therefore, some specific
mechanism must be implemented for managing congestioanmige network performance will suffer the

corresponding degradation.



2 Different Approaches to Congestion Management

The problems associated to congestion are more difficuloligesn lossless networks than in lossy net-
works (like Internet), as packets can not be dropped whegesiion occurs. However, many techniques
have been proposed. Basically, there are two approachekitess congestion in lossless networks. The
first approach (see sidebar “Classical Congestion Elindn&eduction Techniques”) tries to eliminate the
congestion, either by acting as soon as congestion is ddtéetactive techniques) or by preventing its ap-
pearance (proactive techniques). However, in generagettexhniques are not able to guarantee an effective
elimination of congestion. On the one hand, proactive cstigie management requires a knowledge of the
network status that is not always available. Moreover, @ngdr the network, the greater the difficulty in
knowing network status and the more conservative the méahamwould behave. On the other hand, re-
active techniques do not scale because the delay betwegestmm detection and reaction increases with
network size, increasing the response time of the mechamfmeover, congested packets injected during
that time can make congestion worse, even leading to asmilkaat sources (by the time actions are taken
the congestion has vanished or vice versa). Thereforee ttembiniques do not scale either with network
size nor with link bandwidth. As most current networks usghlspeed links, this last drawback can not be
ignored. Note that both proactive and reactive techniquesgnt scalability problems.

On the contrary, the second (and more recent) congestioagearent approach considers that conges-
tion is not a problem by itself. Instead, techniques thdbwolthis approach try to eliminate the negative
effects of congestion, mainly HOL blocking, rather thamrgfiating the congestion trees. The key idea is
that, if HOL blocking is completely eliminated, congestimray exist while being harmless. Note that HOL
blocking elimination implies that congested flows would afféct the forwarding of non-congested packets,
that would cross the network normally. If this is possibles bnly packets delayed by congestion would be
the ones contributing to congestion. As this delay is urdatge, network performance would experiment a
minimum degradation in congested situations. So, the guresow is: Is it possible to effectively eliminate

HOL blocking? The answer is in the following Section.



Classical Congestion Elimination Techniques

Although several taxonomies have been proposed [9, 24k e basically two classes of strategies that

focus on eliminating congestion: proactive and reactivegestion management.

¢ Proactive techniquesare based on controlling each data transmission in such ahahgongestion
should never happen. This is achieved either by reserviraghmnce network resources (avoidance-
based techniques) [28, 5] or by limiting the routes folloviighackets (prevention-based techniques)
[12, 1, 20]. In general, the use of both techniques impliesaaification of transmissions that re-
quires information about the occupancy of network resaufbeffers, links, etc.). Actually, due to
their conservative behavior, proactive techniques artalsiei for providing quality of service support

(Q0S), but not for congestion management.

¢ Reactive techniquesare based on detecting the formation of a congested sityaditivating later
some mechanisms for eliminating the congestion. Most addg¢hmechanisms [25, 14, 8, 17, 3, 4]
consist on notifying congestion to the endnodes in ordeetse or reduce the injection of packets.
Note that these notifications must travel from the point whangestion is detected to the sources.
Regarding congestion detection, it is usually based orlfoo@easuring the occupancy of network
resources [26, 16, 20]. The main drawback of these techsigutiheir lack of scalability since the

reaction time is directly proportional to the distance @& tlongesion to the sources.

3 HOL Blocking Elimination Strategies

A complete HOL blocking elimination is possible, but it istremsy to achieve. In fact, along many years,
several techniques have been proposed with this aim witheing fully satisfactory until very recently.

In general, the most effective HOL blocking eliminationheifues are based on storing in separate



queues packets belonging to different flows. This basic idsabeen implemented in very different ways.
So, some techniques [6, 13] distinguish data flows dependmgheir final destination (HOL blocking
elimination at network level), and use this criterion forppang packets to queues. For instance, if Virtual
Output Queues (VOQs) are used at network level (VOQnetjethdl be at each port as many queues as
endpoints in the network, and every incoming packet will toeexl in the queue assigned to its destination.
Network-level HOL blocking elimination techniques are iengral very efficient, but they require a lot of
resources (queues) for networks with many endpoints. ®g,dhe not scalable (their implementation on
large networks is very expensive in terms of silicon area).

Other techniques [2, 24, 22, 7, 15] try to solve this problgmeliminating HOL blocking at switch
level. In this case, both resource allocation and packeingtin a switch port depend on the switch output
port requested by the packet. For instance, if VOQs at svaigdl (VOQsw) are used, there will be at each
switch port as many queues as output ports in the switch, gaalet will be stored in the queue assigned
to its switch output port. Therefore, the number of queuesaah port depends on the number of switch
ports, but not on the number of network endpoints. Figuredvshthe number of queues per switch (note
logarythmic scale) required for implementing VOQnet andQ&W on networks with different size (64, 512
and 2048 endnodes) built with switches with different radi¢4, 8 and 16). As it can be seen, the VOQnet
gueue requirements grow with the number of ports and speeidh network size, but VOQsw ones just
grow with the number of ports. Note that queue requirementddth techniques differ by approximately
two orders of magnitude for medium or large networks, and tlifference tends to grow. In fact, the
excessive number of queues required by VOQnet for mediumrge Inetworks makes the VOQnet scheme
practically unfeasible.

Although VOQsw requirements are constant with network,stzey do not eliminate completely HOL
blocking (as it is possible that congested and non-condgxsiekets are stored in the same queue). Figure
3 shows the network throughput obtained when using resdeti/OQnet, VOQsw and just one queue
per input port, for the same traffic and network scenariorassklin Figure 1. Note that, although VOQsw
alleviates congestion by reducing HOL blocking, it stillsheome network throughput degradation (by a
20%, approximately) and exhibits a considerable packetét (around 50 microseconds). This confirms

that VOQsw eliminates HOL blocking just partially. On thentary, VOQnet is able to keep network
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Figure 3: Network performance degrades on a congestioatigituif Virtual Output Queues at switch level
are used, but not if they are used at network level

To sum up, the formerly explained techniques are efficiestatable (in resources), but none of them is
efficient and scalable at the same time. In fact, for manysyeeseemed that it was not possible to obtain a
technique with such characteristics. This situation cedrrgcently, when a fully efficient and scalable HOL

blocking elimination technique (RECN, Regional Explicibi@@estion Notification [10]) was proposed.



In order to analyze RECN performance, Figure 4 shows thearktihroughput obtained when using
VOQnet, VOQsw and RECN, this time for two BMINSs of differertes (64 x 64 and512 x 512) for different
traffic generation rates. Again, congestion is generateddah simulated point by the temporary injection of
packets from a percentage (12.5 %) of sources to hot-sptihdtgns (1 hot-spot destination for the small
network, 4 hot-spots for the larger one). Note that, in batbes, results for RECN and VOQnet are very
similar (and far better than VOQsw results). This meanshi@lt blocking is almost completely eliminated
by RECN regardless of the traffic rate. Indeed, both RECN a@@Net allow maximum injection rates
without throughput degradation. However, RECN resultsbioth networks have been obtained by using
the same number of queues per switch port while the numbenadas required by VOQnet (64 and 512
gueues per switch port, respectively) increases with niétwiae. Therefore, RECN eliminates efficiently

HOL blocking while requiring an affordable and constant tn@mof resources.
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Figure 4: Network throughput when VOQnet, VOQsw and RECNusied on BMINs of different size

So, the next question to answer is: What makes the differbatvgeen RECN and other HOL blocking
elimination techniques?. The first key difference is thagrider to store separately congested flows, RECN
allocates and deallocates queues dynamically, on theazgritr former techniques, that just allocate queues
in a static way. This allows to use queues only if it is realcessary. Another great difference is that
RECN can address congestion to any network point, not judpants. This allows to accurately identify

congested flows and non-congested ones, so they can betedpdrhe last main difference is that RECN



considers that packets belonging to non-congested flowbeatored in the same queue without producing
significant HOL blocking, even if they follow different raeg. This allows a great reduction on the number
of queues required by the mechanism.

Of course, the implementation of these basic ideas of REOMftsbvious. The following section

explains the implementation details of RECN.

4 RECN Implementation

RECN is implemented both at input and output ports. Figuresm@ 7 show, for both sides, the main
structures and events involved in the basic RECN procedtiney all will be mentioned on the following

sections, where the RECN mechanism is described.

4.1 Routing Requirements

Like other HOL blocking elimination techniques, RECN is &a®n storing in separate queues the packets
belonging to congestion trees. In detail, RECN detects gifiewthe position of the roots of the different
congestion trees present in the network, and later checksyanotified port whether an incoming packet
will pass through one of these roots. If so, then the pacKenlge to a congestion tree and it must be stored
at this port on the corresponding separate queue. TheydR&EN requires that packet routes could be
inspected in advance at any port.

On the other hand, in order to achieve the maximum accurag\etiitiency, RECN must detect con-
gestion also within the network (not only at endpoints). rElfiere, a method is required for identifying any
network port.

The use of source deterministic routing helps in meetindp betuirements. Specifically, RECN has
been dessigned assuming the routing properties of AdvaBeaithing (AS) [19f. Packet headers in AS
contain a 31-bit field that encodes all the turns (shift froswéch input port to an output port) that a packet
must take along its route. This field is known as turnpool. fibader also includes a pointer (turn pointer)
that indicates the next turn. This routing mechanism alltavaddress the root of a congestion tree from

different ports within the network. Simply, different semeces of turns will address the root from each

*Anyway, RECN could be easily adapted to any other intercotimr technology that allows source routing, like Myring8].
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specific port. Moreover, the routing mechanism also allowkriow in advance if a packet in a port will
pass through a congestion tree root simply by inspectingjaesee of turns from its turnpool.

Figure 5 shows an example where several packets travelsagnostwork where a congestion tree exist
(the root is placed at output paft5 of switch2). As it can be seen, the root can be identified at any other
port by a relative route (some consecutive turns) from thg pmd this allows to detect in advance which

packets will (packets A,B and D) and which packets will nadet C).
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Figure 5: Turnpool inspection allows to detect in advanasgested packets

As Advanced Switching specifications allow turnpools withmss of different lenghts (in order to route
packets through switches with different number of portss heccesary to exactly know how many bits of
the packet turnpool must be checked at each port. RECN stilieegroblem by encoding the route to each

root by means of a complete turnpool and a bit mask that selguch bits must be compared.

4.2 Required Resources

RECN requires some additional resources both at input (Eigland output (Figure 7) switch ports. In

particular, besides the standard queue, RECN uses at edehgat of additional queues, referred to as SAQs

11



(Set Aside Queues). A SAQ will be dynamically allocated vasipackets belonging to a specific congestion
tree once the existence of this tree is detected at (or ribtibiethe port. Upon congestion vanishment, the
corresponding SAQ will be deallocated, and thus it will baikable to store packets belonging to other
congestion trees. On the other hand, packets belongingtemagested flows will be stored in the standard
gqueue at each switch port. Thus, the data RAM at each poraredtby the normal queue and by the set of
SAQs.
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Figure 6: RECN mechanism at the input port of a switch

Although the number of SAQs per port could be varied, the aynallocation and deallocation allows
that a small number of SAQs is enough for handling efficieatiggested situations. Moreover, this number
is independent of network size. For instance, it has beenrsimfigure 4 that 8 SAQs per port are enough
for completely eliminating HOL blocking 064 x 64 and512 x 512 BMINSs. In fact, in [11] it is shown that
RECN is able to eliminate HOL blocking in248 x 2048 BMIN network network by just using 8 SAQs
per port. Therefore, the RECN mechanism is fully scalable.

A comparison among the number of queues per switch requirdchplementing VOQnet, VOQsw and
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Figure 7: RECN mechanism at the output port of a switch

RECN can be seen in Figure 8. For RECN, 8 SAQs per port are s, that the number of queues per
switch required by RECN is very similar to the VOQsw mechamiand therefore RECN can be considered
a scalable technique. In fact, taking into account resudlfégares 8 and 4, we can conclude that RECN
combines the scalability of VOQsw and the efficiency of VOQne

SAQs are managed through a CAM memory. Each CAM line conthmsontrol information associated
with a specific SAQ. This information consists of. a valid ) indicating whether the SAQ is active, a
turnpool and a bit mask identifying the root of the congestiee for which this SAQ is allocated, a blocked
bit (B) for the Xon/Xoff flow control (see next section), andeady bit (R) that indicates whether the SAQ is
allowed for sending packets to the arbiter/link contro{leze section 4.4). Note that only 65 bits of control
information are required per SAQ: 62 bits for the turnpodl &it mask plus other three control bits.

Whenever a new packet arrives to an input port (Figure 6)tuimgool of the packet is compared to the
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Figure 8: # of queues per switch Virtual Output Queues at odtdevel, at switch level and RECN are used

routes (turnpool+bit mask) contained in all the CAM lines@sated with active SAQs (bit V active). In the
case of matching, the queue selected for storing the paxkiet icorresponding SAQ. If the packet turnpool
matches several routes, the longest matching is selectethe®pposite, if there is no matching, the packet
will be stored in the standard queue (actually, a detectigrug, as it will be explained later). This turnpool

comparison is performed in the same way at output ports (Eigh.

4.3 Congestion Detection and Notification

RECN detects congestion both at input and output ports. putiports (Figure 6), the standard queue is
handled as several detection queues, each one assignedpedtfic output port. Non-congested packets
are stored in the detection queue associated with theilested output pott Whenever the occupancy of
a detection queue reaches a certaput detection threshold, a new SAQ allocation is triggered at the same
input port. This SAQ allocation implies that the valid bittime corresponding CAM line is set, and the
turnpool and bit mask fields are filled in order to address thpui port associated with the detection queue.
Additionally, the blocked bit (B) is reset.

At the output port (Figure 7), if a new packet arrives and tamdard queue occupancy is beyond a

2Note that if there were no SAQs, the memory at input ports @dollow a Virtual Output Queuing scheme at switch level.
However, detection queues are not used for eliminating t®& Hlocking introduced by congested packets. Instead, &@sS
perform this task at each port.
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givenoutput detection threshold, aninput SAQ allocation request is notified to the input port that sent the
arriving packet to the output port. This internal notificatincludes the turnpool and bit mask that identifies
the output port from the notified input port. Of course, thiformation will be stored in the CAM line
associated with the input SAQ that will be allocated uporeption of the notification.

Whenever a SAQ at the input port (Figure 6) reaches the Xogktiold, it raises the sending of an Xoff
flow control packet to the upstream switch. This control gadk sent through the adjacent output port
(the output port connected to the same bidirectional lirdntthe input port), and it contains the turnpool
and the bit mask associated with the input SAQ. Similari\geothe Xon threshold is reached down in a
SAQ, an Xon flow control packet (also containing the corresiirmg turnpool and bit mask) is sent through
the adjacent output port. Upon reception of the Xoff conpratket, the output port at the upstream switch
compares the received turnpool and bit mask to all the vatigpools from the CAM. If there is a matching,
then the corresponding SAQ is blocked (B bit is set). If thiemeo matching, then the Xoff control packet is
considered also as a congestion notification and thus, a AénisSallocated for the network point indicated
by the received turnpool and bit mask.

Similarly, whenever a SAQ at the output port (Figure 7) resdie Xoff or Xon threshold, it broadcasts
an internal flow control notification to all the input portsitsf switch. This notification includes the turnpool
and bit mask associated with the output SAQ. At each input, plois routing information is updated to
include a new turn: the one required for reaching the naigfyoutput port from the notified input port. Each
input port compares the modified turnpool and bit mask tahalMalid turnpools in its CAM. On matching,
it handles the internal notification as a flow control notifica (the B bit of the corresponding CAM line
is set accordingly). If the notification is Xoff type and teas no match, then the input port that sent the
last packet to the notifying output port allocates a new SéQtie network point encoded by the modified
turnpool and bit mask. This newly allocated SAQ is blockedétiing its B bit.

Note that due to the use of flow control messages for propagabngestion information, RECN does
not require specific control messages. Moreover, the Xaififfkaw control is included in the Advanced
Switching specifications. Therefore, regarding contralkess, RECN is fully compatible with Advanced
Switching.
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4.4 In Order Delivery

As SAQs are dynamically allocated, out of order issues mepgaiNote that whenever a SAQ is allocated
to store packets passing through a congested root, therdoenpgickets following the same route in the
standard queue. Thus, a packet addressed to a certainatiestioould take over its preceding packet
through a newly allocated SAQ. In order to prevent this mohlthe RECN mechanism incorporates a
blocking mechanism that prevents the sending of packets #&AQ until in order delivery is guaranteed.
In particular, whenever a SAQ is allocated, its R bit is sétisbit prevents the SAQ from sending packets
to the scheduler/link controller. At the same time, in trangiard queue, a link pointer (pointing to the SAQ)
is attached to the last packet. Once a link pointer reaclekdhd of the standard queue, the corresponding
SAQ is unblocked (its R bit is reset), and thus, this SAQ id&thfor sending packets to the scheduler/link
controller.

Notice that this mechanism may introduce a certain degrd¢Qif blocking during the time the link
pointer is in the normal queue. However, this is not a proldsriiOL blocking is introduced from the cold

packets to the congested ones.

45 Resource Deallocation

A SAQ must be deallocated when its associated congestiervamishes. Of course, it is very important to
avoid early deallocations, that could introduce HOL blogki RECN detects that congestion is no longer
present in a port when certain conditions are met, and oely the corresponding SAQ will be deallocated.
In order to allow a distributed SAQ deallocation, these domas must be checked from local information.

In detail, they are the following:
e The SAQ is empty.

e The SAQ is not blocked due to the ready (R) bit at the CAM line, tBere are no link pointers to
this SAQ on any other queue. This condition avoids an empt§) 8Aing deallocated just after its

allocation while the congestion tree is present.

e The SAQ is not blocked due to the Xoff flow control. So, the SA@Qsirbe in the Xon state to be

deallocated. This condition avoids a SAQ to be deallocathilevthe congestion tree is near (the
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corresponding downstream SAQ occupancy is over the Xagitiold).

Note that a SAQ does not depend on other SAQs for being da&dldc Therefore, as soon as a SAQ is
not necessary (its associated congestion tree has disagpdawill be deallocated. Of course, immediately
after its deallocation, the SAQ can be allocated for othergestion tree. This means that the distributed
SAQ deallocation allows a very efficient use of network reses. Note also that the deallocation mech-
anism does not require any specific control message betwa&s,Jjuaranteeing the mentioned RECN

compatibility with Advanced Switching.

5 RECN Robustnhess

RECN is a dynamic mechanism. As a dynamic process, its effmetss largely depends on the different
parameters it uses. As mentioned in the description, REQMeris exclusively on the following parame-
ters: queue detection threshold, Xon and Xoff flow contradsholds, and finally, the number of SAQs per
port. All these parameters will also determine the memoguirements at switches.

Figure 9 shows the performance achieved in networks ofrdiffiesize when RECN is used with different
detection and flow control thresholds. In all the cases, rdiffid load is the same used in previous Figures
and 8 SAQs per port have been used. The different thresheket$ are indicated in the Figures by three
consecutive numbers: the first one corresponds to the queaetidn threshold while the second and third
correspond to the Xon and Xoff flow control thresholds, resipely. All the thresholds are expressed in
bytes.

As it can be observed, RECN filters in all the cases the coingesthe only difference, clearly visible in
large networks, is the transitory state while the congesiteition is being detected and notified by RECN.
Notice that low thresholds lead to quicker response timestmestion and therefore, the transient HOL
blocking introduced by RECN is minimized. Notice also tHa probability of detecting false congested
situations is higher with low thresholds. However, theritisted deallocation of SAQs alleviates the possi-
ble negative effects, thus enabling the use of low threshdidom these results we can conclude that RECN
efectiveness is largely insensitive to detection and flomtrod thresholds.

The use of low thresholds reduces also the memory requirsntenmplement RECN. The required
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Figure 9: Network Throughput for different RECN threshototsBMINSs of different size

amount of memory at an input port depends on the detectionXafffdflow control thresholds, and also
on the number of detection queues and SAQs. In particulathBbanalyzed cases with 8-port switches,
the required memory for RECN with 8 SAQs, detection thresisat to 320 bytes and Xoff flow control
threshold set to 448 bytes, the memory requirements raiselyo6 KB per input port (at the output port,
since there are no detection queues memory requiremengvemdower). Thus, using low thresholds also
simplifies switch design.

Figure 10 shows the performance achieved in networks ofreifft size when RECN is used with dif-
ferent thresholds, but this time adjusting the memory atitimorts to match the amount required by each
set of thresholds. As it can be observed, performance isipadg maximum in the presence of congestion
regardless of memory size and thresholds. Note that figui® $8ows the performance achieved on a very
large BMIN (2408 endnodes).

Finally, Figure 11 shows RECN, VOQnet and VOQsw results #8N3$races on &4 x 64 BMIN. In all
the cases, the memory at each port is 8 KB. For RECN, 8 SAQ pehpee been used, with low detection
and flow control thresholds. The I/O traces used in our etials were provided by Hewlett-Packard Labs
[23]. They include all the 1/O activity generated from 1/1999 to 2/28/1999 at the disk interface of the
cello system. As these traces are almost seven years old, we hpledap time compression factor to

the traces. It can be observed that, regardless of the cesipnefactor, RECN achieves the maximum
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Figure 10: Network Throughput for RECN on BMINs of differesize, different port memory sizes and
different thresholds

throughput also for real traffic, matching the VOQnet resulhile requiring reduced resources.

6 Conclusions

In this paper we have described the basis for designing stingemanagement techniques for lossless in-
terconnection networks that guarantee at the same timalsidggl and efficiency. Furthermore, we have
presented a detailed description of RECN, the first teclnimfusuch characteristics. RECN achieves ef-
ficiency by accurately detecting and isolating congestreed within the network. By doing this, HOL
blocking introduced by congested packets is eliminatedtherkfore, congestion is harmless. In the same
way, RECN is a scalable technique in the sense that it reqjtii;esame resources regardless of network size
and it achieves in all the cases maximum efficiency. The paagiproven that RECN is highly insensitive
to its main parameters and thresholds. Indeed, thanks diesttébuted deallocation mechanism, RECN can

use low detection thresholds that lead to very low memoryirements at switches.
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