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Abstract come increasingly popular. Typically, these applications
require tight coupling of the processing nodes and, with

An interconnect for a high-performance cluster has [0 o, jnterconnect that provides high bandwidth as well
be optimized in respect to both high throughput and loyt |4, latency.

latency. To avoid the tradeoff between throughput andcjint is targeted specifically at small- to medium-
latency, the cluster interconnect Cliiiias a segregated iz clusters that offer a low-cost alternative to SMP
architecture that provides two physically separatgystems_ Given this design point, we adopted a topology

Lrgrr]]slr)nlssgondt(r:]h?nrf]fgls: %u”( (_:hlfln%eloptllm%ed' fodr that relies on a single central switch. The limited size of
Igh-bandwl rafic and guick channeloptimized - o0y 5 cluster offers ample opportunities to optimize
for low-latency traffic. Different scheduling strategies ;ct and performance

are applied. The bulk channel uses a scheduler tha,B\pplications of the Clint architecture are not re-

globally allocates time slots on the transmission pat ricted to high-performance clusters. For example, the

ggfg{gcﬁgcgztzraerzvsoeigggﬁinT:(I)?]t\;\;ag iﬁg's'airfkii:rl]% (Eregated architecture and buffer-free switch design
9 X ! 9 applicable to backplane interconnects used in net-

takes a best-effort approach by sending packets when- . .
: e - ork routers and switches [16] as well as in server ma-
ever they are available thereby risking collisions an

e chines and storage devices.
retransmissions. ) :
. . Several cluster interconnects tailored for low-latency
Simulation results clearly show the performance ad-

: mmunication have been developed. Examples are
vantages of the segregated architecture. The caref( .
scheduled bulk channel can be loaded nearly to its f PP [7], ServerNet [8], SCI [5] and Myrinet [1]. Un-

capacity without exhibiting head-of-line blocking tha ortunately, these interconnects can provide low latency

limits many networks while the quick channel provide nly as ang as they are lightly !oaded. The reason is
low-latency communication even in the presence at there is a tradeoff between high throughput and low

high-bandwidth traffic. atency. Clint removes this tradeoff by segregating the

interconnect into two physically separate channels: A
_ bulk channeloptimized for the transmission of large
1. Introduction packets at high bandwidth andgaick channelopti-

By clustering systemsavailability is improved and mized for the transmission of short packets at low la-
computing performancés increased. When compared€ncy- The segregated architecture of Clint is motivated
with other hardware-based approaches such as faflY- the observation that network traffic typically falls
tolerant systems and dedicated parallel systems, clust8fg two categories: There is high-bandwidth traffic

offer a cost advantage since they capitalize on tReainly consisting of large packets and there is low-

economies of scale by using relatively inexpensivatency traffic mainly consisting of small packets. Such
building blocks. a bimodal packet distribution has, for example, been

Here, we are interested in high-performance clustef§Ported in [11]. _
Thanks to publicly available software libraries such asWe have structured the paper as follows. Section 2
implementations of PVM [20] and MPI [17], develop-dives an overview of the Clint architecture. Section 3

ing parallel applications for clustered systems has béescribes the components of Clint in detail. Section 4
contains simulation results. Section 5 contrasts Clint

1 Clint is the code name of a Sun Microsystems Laboratories internal project.
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with related work. Finally, Section 6 gives the concluas a result, compromise on the objectives set forth for
sions. each channel.

2. Overview 3. Architecture

The Clint interconnect uses physically separate net-This section discusses the architecture of Clint in de-
works to implement the bulk channel and the quictail. We use the following notation. The node that initi-
channel. That is, the channels use separate links as \agdis a transfer is called tihdtiator and the node ad-
as separate switches. dressed by the initiator is called tterget The packet

Given the different optimization criteria, the methodsent from the initiator to the target is calledemuest
for scheduling the channels look quite different. Theacket the response sent back from the target to the
bulk channel applies a relatively compute-intensive ahitiator is called aracknowledgment packe€lint im-
gorithm that avoids conflicts in the switch and that ogpplements gpush modehs data is always pushed from
timizes the aggregate throughput of the switch. In cothe initiator to the target: The request packet contains an
trast, the quick channel uses a best-effort approachaictive messagé¢l4], and the acknowledgment packet
that nodes send off packets without any coordinatiocontains a transmission report.

As a result, packets can collide. When this happens, one
packet wins and the other packets lose. The winnidg? Network Interface Card

packet is forwarded and the losing packets are droppeghe network interface card (NIC) is based on Active
and retransmitted at a later time — retransmissions §fi@ssages 2.0 [14] and the Virtual Network abstraction
handled in hardware. o [2],[15]. This abstraction virtualizes the access points of
The Clint network forwards packets with fixed dethe network in the form oéndpoints A collection of
lays. This property simplifies packet scheduling angnqpoints forms a virtual network with a unique protec-
error detectl.on. More specifically, it allows for a pipetjon domain. Messages are exchanged between end-
lined operation of the bulk channel under control of ggints and traffic in one virtual network is not visible to
global schedule. Further, it simplifies error detectioginer virtual networks.
since a simple request-acknowledge protocol can beérpere are two types of active messages: A bulk mes-
used: If an acknowledgment packet has not been yge sent over the bulk channel and a quick message
ceived a fixed amount of time after the request packglnt over the quick channel. The message formats are
was sent, a transmission error occurred. That is, whilgown in Figure 1. The fields identify thsitiator and
similar protocols have to cope with variable, pos&b%rget thehandlerto be called upon receipt by the tar-
unbound delays and variable numbers of outstandiagt, and theargumentsof the handler. The bulk mes-
packets, the protocol for Clint can rely on bounded dgage contains an additional 2 kByte payload. Not shown
lays and a fixed number of outstanding packets.  4re the packet fields added by the link layer. They in-
We have implemented a prototype system with the 4e g packet type, a sequence number, and a CRC.

following characteristics. Each channel uses a sing{§e chosen packet sizes are based on studies such as
switch with 16 ports. Links are serial copper cables Wit 1] and could be easily changed if needed.

a length of up to 5 m. The bulk channel has a full-
duplex bandwidth of 2+2 Gbit/s and the quick channel Bulk Message Quick Message
has a full-duplex bandwidth of 0.53+0.53 Ghit/s. With
it, the bulk switch has an aggregate bandwidth of 32
Ghit/s and the quick switch has an aggregate bandwidth 3, Bytes handler handler
of 8.45 Gbhit/s. The physical layer uses 8B/10B encod-
ing; thus, the given data rates have to be increased by arguments arguments
25% to obtain the link rates. r
An implementation of the segregated architecture
does not necessarily require separate physical channels.
An alternative implementation could use separate vir-
tual channels mapped onto a single shared physical
channel. We did not choose this approach since we
wanted to avoid the temptation to share resources and, Figure 1: Message Formats.

initiator, target initiator, target

2 kBytes payload
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SendepIQueueii SendReg | I| i RecvCmplReg | | RecvQueue
{ofid|trErrlvalid} {: [ {bflditgtt | i} | {bfld} P

SendCmplin | |  Recvin

HostSendBuffers NICSendBuffersi NICRecvBuffers

Figure 2: Data Structures for Sending and Receiving Messages.

Figure 2 shows the data structures of an endpoint used The NIC writes the received message iNd-
for transmitting messages. The data structures are iden- CRecvBuffers
tical for both the bulk channel and the quick channek. The NIC gets a free buffer.
They are kept in main memory on the host side and 31 The NIC transfers the message frivtCRecvBuf-
local memory on the NIC side. Data is exchanged be- fersto HostRecvBuffers
tween the host and the NIC via the PCI bus. Since the The NIC notifies the host of the received message
overhead of PCI bus accesses initiated by the host is by enqueuing an entry containing the buffer index
considerably higher than for accesses by the NIC, data bfld and avalid bit into RecvQueue
structures are organized such that the host has to ac&sslhe host dequeues the entry fre®mcvQueue.

the NIC as little as possiBle 6. The host notifies the NIC of the completed message
A two-way handshaking protocol manages the buffer by writing the buffer index intlRecvCmplReg

pools for sending and receiving messages. 7. The NIC dequeues the entry froRecvCmplReg
The steps for sending a message are: and adds the buffer to a free list.

1. The host gets a free buffer. The NIC needs to consumeSendReg and

2. The host writes the message irtostSendBuffers RecvCmplRedaster than the host can write these reg-

3. The host notifies the NIC of the ready message listers. These registers are, therefore, implemented as the
writing the corresponding buffer indéfld and the input port of a FIFO structure.

targettgt of the message int®endReg SendCmplQueuandRecvQueuare implemented as
4. The NIC transfers the message frétastSendBuf- ring buffers accessed by the in-point&@endCmplin
fersto NICSendBuffers and Recvin and out-pointers SendCmplOut and

5. The NIC requests a switch slot and, once the rBecvOut respectively. Since the queues contain as
quest is granted, sends the message in a requeany entries as there are entriesSendBuffersand
packet. RecvBuffersrespectively, they cannot overflow. For the

6. The NIC waits for the acknowledgement packetame reason, the queues can be used to maintain the
and, once it is received, notifies the host by eriree buffers, thus no separate free lists are required. Re-
gueueing an entry int8endCmplQueuélhe entry ferring to Figure 2, the non-shaded entries of
contains the buffer indesfld, possible transmission SendCmplQueuand RecvQueuecontain indicesbfld

errorstrerr, and avalid bit. that point to empty buffers. Thus, a free list can be
7. The host dequeues the entry frédandCmplQueue maintained by adding another pointer to these queues.
and adds the buffer to a free list. Since we want to keep the free lists in memories local to
The steps for receiving a message are: the host or NIC, respectively, we only used this optimi-

zation on the initiator side. On the target side, we
maintain a separate free list on the NIC.
? For the platform we used, there is a significant overhead for PCI transac-  The two channels use different prefetching strategies

tions initiated by the host as only 32-bit bus transfers are supported and to fill NICSendBuffersThe quick channel prefetches
transfers require an address translation executed by an IOMMU. i




packets in the order their buffer indexes were written

; - SendBuff Bulk Switch
into SendRegThe bulk channel uses a more sophisti- enEuters

RecvBuffers

1 1
cated method in that it tries to fill the buffers with mes- bimo@ o % btgt,
sages destined for different targets. For this reason, L
SendReg@lso specifies the target so that the NIC has the 1 1 1
opportunity to decide in which order to prefetch mes- b'”'l% ! '@ bigty
sages without having to fetch the message descriptol
from host memory. By having messages available in Bulk Schedule—r|

NICSendBufferslestined for different targets the bulk
scheduler is presented with more options and head-of- qiniog—ﬁ»ﬂ g E{{F#@ atgty
line blocking is avoided [9].

Though future work will have to explore and analyze
the different techniques for prefetching messages, we qinilg—}—ﬂ i }[}4@ atgty
want to outline a possible method. For each target, the , ,

NIC maintains a count of messages that are buffered or Quick Switch
the NIC. There is a maximum count that limits the Figure 3: Organization of the Switch.

number of messages that can be buffered for each tar

get. Once the maximum count for a target has beerThe prototype switches have the following latencies:
reached, the target is no longer considered when making ns for the analog switch of the bulk channel and
prefetching decisions. This method avoids HOL blockd0 ns for the pipelined switch of the quick channel. Of
ing in that a target that causes blockages cannot c@bre interest are the round-trip times: They are 20 ps

sume space iNICSendBufferghat could be used for for the bulk channel and 1 ps for the quick channel. The
forwarding messages to targets that are not blocking. calculated round-trip times start when the beginning of

It is important to note that HOL blocking can occue request packet leaves the node and stop when the end
not only in the network switches but also in variousf the corresponding acknowledgment packet has been
other places. HOL blocking can potentially be caused faceived.
any place that serializes the transfer of data. As we haveA central scheduler connected to the quick channel is
just shown, possible places other than the switch are thsed to schedule the bulk channel. By informing the
host memory and the NIC. Careful scheduling of thsulk scheduler of all packets waiting for transmission in
data transfers out of the host memory and out of thige send buffers located on the nodes the switch can be
NIC becomes even more critical as the bandwidth of tiagtimally scheduled. In particular, HOL blocking [9]
network increases relative to the bandwidths of thsan be avoided since, for each initiator, the bulk sched-

main memory and 10 subsystem. uler can choose from packets with different destina-
tions.
3.2 Switch Organization For a pair consisting of an initiator and a target, pack-

Figure 3 illustrates the different organizations of thgts are transferred in-order. The ordering relative to
bulk switch and the quick switch. In this example, 2xpackets delivered to other targets or sent by other ini-
switches connect two nodes. Each node consists ofigfors is not specified. _
bulk initiator bini, a bulk targetbtgt, a quick initiator _ The two channels transport the packet types shown in
gini, and a quick targeftgt Table 1. The table lists the packet types, their sizes (in-

Most notably, the switches do not contain any bufféluding header and checksum) and channel assign-
memory - the buffer memories shown are located in theents. It is only the bulk request packets that use the
nodes. The bulk channel uses an analog switch that cor-

responds to a flow-through crossbar switch whereby|¥Pe | Function Channel] Size [byte

packets are forwarded without being interpreted. This is}-2red | bulk request packet bulk 2086
. . . . . back | bulk acknowledgment | quick 4

possible since all signaling for the bulk channel is done packet

via the quick channel. Ports as well as internal dataf greq | quick request packet quick 36

paths are serial. The quick channel is realized as a pipg-gack | quick acknowledgment quick 4

lined crossbar switch. While its ports are serial, the in- packet

ternal data paths are byte-parallel and split into six|.cfg | configuration packet | quick 19

pipeline stages to allow for a data rate suitable for hand-91tL_1 grant packet quick a

dling packet collisions and processing packets. Table 1: Packet Types.



place in slots,. The remaining two requests are granted
in slot s; and the corresponding packeigeq’,, and
! ! . bred, o are transferred in sla.
trf | ack | ; A central arbiter is used to schedule the bulk channel.
' The arbiter calculates the schedule for the subsequent
! ! ! transfer stage in the arbitration stage. An arbitration
ab | tf | ack | cycle starts with each node sendingcanfiguration

' packetto the arbiter. This packet combines information

s, S, + S3 | S,

trf

breqgl,, | arb ack |

breg?; , arb

breg*; , | arb | arb

| o]
| arb |
breg?; , | arb | arb | trf | ack |
[on |
L am |

breg®, ; arb trf | ack | . . -

Co ! ! 5 ! ! supplied by both the initiator and the target residing on
binip | btgt, ibtatebrgti btgt, - 1 - a node. It contains a request vector that identifies the
bini, 1 bigl, [biobbt; bigty, - - targets for which the initiator has data packets. Also
oo ! | | : | | contained in the configuration packet is an enable vec-
. goox guration P

! tor that names the initiators from which the target ac-
Figure 4: Pipelined Transmission of Bulk Packets. cepts packets. An initiator is disabled, for example, if it
is suspected to be malfunctioning. Separate enable
}Y%ctors are provided for the quick and the bulk channel.
The arbiter can now calculate a conflict-free schedule.
The schedule is communicated to the initiators with the
3.3 Bulk Channel Pipeline help of grant packets Each initiator receives a grant

packet that reports whether one of its requests was

The bulk channel is operated as a pipelined data pailanied and if so, which target it can address in the fol-
Packet transmission is split into three stages each h jing transfer stage.

ing the length of one bulk slot which corresponds to thetha scheduler uses a proprietary algorithm called
time it takes to transfer a bulk request packet: Least Choice First Arbite6]. This algorithm is not the
Bl.arb: During thearbitration stagea connection of focus of this paper and, therefore, described only
the bulk switch is allocated for forwarding the rebriefly. The arbiter allocates connections between ini-
quest packet. tiators and targets based on the number of requests.
B2.trf: During thetransfer stagehe request packet is More specifically, when a target is scheduled, the ini-
transferred from a send buffer of the initiator to dator with the smallest number of requests is given
receive buffer of the target. highest priority since it has the fewest choices. To avoid
B3.ack: During theacknowledgment stagene target starvation, a round-robin scheme is added that guaran-
returns an acknowledgment packet to the initiator. té€s that a request is scheduled in bound time.
Only the transfer stage uses the bulk channel. Bothlhe timing of the channels is depicted in Figure 5. In
the arbitration stage and the acknowledgment stage {f3ié example two pairs of initiatotsni andqini gener-
the quick channel. Possible conflicts during the transfafe packets for the bulk channel and the quick channel,
stage are resolved in the arbitration stage. Figure 4 figspectively. The stages of the bulk pipeline can be eas-
lustrates the operation of the bulk channel pipeline. Tihé identified. Looking at the transfer of bulk request
transmission of five packetsed, is depicted, whera Packetbredo,, slot s,. corresponds to the arbitration
is a number identifying the packétstands for the ini- Stage, slot, to the transfer stage, and sk, to the
tiator andt for the target. In addition to the transmittedCknowledgment stage. The sequence of packets is as
packets, the figure shows the targets requested by fakows. In slot s,,, configuration packetfg’os and
initiators and the settings of the switch. Note that td'.s are sent fronbinio andbinis, respectively, to the
initiator generates a request for every target for whichSwitch; when arbitration is finished, grant packgits o
has a full send buffer and that, as a result, the initiaf@Rdgnt’s: return the resultsini, is granted the request
can request more than one target in a given arbitratit btgt andbini; is granted the request fotgt. In slot
cycle. s, the corresponding request packetseds; and
In slot s, both biniy and bini, request connections bred'io are transferred. Finally, in sla.,, the ac-
with btgt. The request obini, is granted and the re- knowledgment packets are transferred, thatbisy,
quest packebreqloyo is transferred in S|(31 In slot Si, sendsbacl(‘m to binilandbtgtl Sendsbaclflyoto blnlo
both bini, andbini; request connections withtgt, and A transmission error is detected if a negative ac-
btgt,. biniy is granted the connection withtgt, and knowledgment is received or the acknowledgment is
biniy is granted the connection withtgt,. The corre- Missing. A negative acknowledgment is returned if no
sponding transfers of packesecfo o andbred; ; take receive buffer is available. (If the target detects a CRC

bulk channel while all other types of packets use t
quick channel.



S, s, Sin inserted at the beginning of a slot to compensate for the

— - — misalignment, it would be possible to improve the
bini, ___ bredos || bredg, | |breq°’1 alignment by actually measuring the round-trip times of
bini bredyo || bred, , ||bre<41”61 the links. : :

1 : : : The grant packets are also used to assign a unique
arbitration identifier to each node. The node identifier corresponds
qinig [l [”] to the number of the output port from where the packet
cfgs gnt cfgoe  gntlo!back;, was sent.
gini, [I I] I] [”] 3.4 Quick Channel
cfgys gnt";1 cfgls  gntliibackg,

A best-effort approach is applied to the quick channel
Figure 5: Channel Timiag in that packets are sent as soon as they become avail-

error, it does not return an acknowledgment to avoid tR@le. As a result, collisions occur in the quick switch in
possibility of returning the acknowledgment to th&hich case packets are dropped and retransmitted.
wrong initiator.) The loss of a packet is detected if tH@ropping packets is not as drastic a measure as might
initiator does not receive an acknowledgment a fixedPpear. Collisions happen infrequently since the quick
amount of time after the request was sent. channel is only lightly loaded due to the provision of
When the quick switch forwards packets, it gives th@xcess bandwidth. While typical applications are ex-
acknowledgment packetsack andgackas well as the Pected to generate only light load on the quick channel,
scheduling packetsfg and gnt priority over qreq by @ throttllng mechqnlsm could be addgd to the nodes to
droppingqreq in the case of collisions. Since the inidimit usage of quick channel bandwidth. Retransmis-
tiators know the times when grant packets are sent, tH#gns do not add a burden to the hosts since the NIC
can avoid collisions by not sending any packets durifgrdware already contains the necessary control logic
these times. Collisions between the high-priority pacind buffers to handle transmission errors.
etsback gack,cfg, andgnt are not possible for the fol- The quick switch uses a minimal scheduler that ap-
lowing reasons. The configuration and grant packets 4t#es a first-come, first-considered policy. When a
exchanged between the nodes and the switch, andR@ ket arrives at an input port, a request is sent to the
not actually pass through the switching fabric. ThougPHtput port specified by the routing information con-
the bulk acknowledgment packets do pass through fianed in the packet header. When quick packets collide
switching fabric of the quick switch, they cannot colliddn the switch, the packet that arrives first will win and
since the paths used correspond to the inverted schediidorwarded and packets that arrive later will lose and
that was originally calculated for forwarding the bule dropped. If colliding packets arrive simultaneously, a
request packets in the bulk switch. The schedule is s&@nd-robin scheme is used to pick the winner and the
to be inverted as the request and acknowledgment palg&ers. This way starvation is avoided. Further, this
ets use the switch paths in opposite directions. For égheduler is able to make quick routing decisions so that
ample, in Figure Bredy; is forwarded from input port forwarding latencies are kept low.
0 to output port 1, and the corresponding acknowledg-
ment packebacK is forwarded from input port 1 to 5
output port 0. Thus, bulk acknowledgment packets areFigure 6 shows the prototype board of the Clint
never dropped and bulk request packets cannot be lgaitch. The bulk channel and quick channel can be eas-
as a result of collisions on the quick channel. ily identified. The bulk switch is implemented with an
For the Clint prototype, the transmission of the agsMCC S2018 17 x 17 crosspoint switch and the quick
knowledgment and scheduling packets consumes 5%s@fitch is realized with a Xilinx XCV600 FPGA and
the quick channel bandwidth leaving ample bandwidfiour AMCC S2064 quad serial transceivers.
for regular data packets. The main components of the NIC are a Xilinx
Since the grant packets are sent simultaneously andX@Vv2000 FPGA, three Micron MT54V512H18 9 Mbit
a fixed time relative to the bulk slot boundaries, they a@DR SRAMs implementing the send and receive buff-
further used to synchronize the nodes. Slot boundar@s, a TI TLK2500 serial transceiver interfacing the
of different nodes are, of course, not perfectly aligndsllk channel, and an AMCC S2064 serial transceiver
and differences in transmission delays, for examplaterfacing the quick channel.
caused by differences in link lengths, have to be consid-
ered. While in our prototype implementation a gap is

Implementation



In the following, we briefly want to discuss the majostates and to avoid over- and underflow.
challe_nges we encountered during the developmentr_qfl_ Synchronization
the Clint prototype systems.

Since we use an analog switch for the bulk channel,
the transceiver of the receiving NIC has to be resyn-
The FPGA of the NIC uses a total of five clocks:  chronized with the clock of the sending NIC if the
« PCI clock (66/132/264 MHz): This clock is pro-schedule changes; possibly, this happens every slot.
vided by the PCI bus and clocks the PCI interfaddnfortunately, transceiver PLLs are typically not de-
logic. It also serves as the main clock that drives tisgned to quickly lock onto the clock embedded into the
majority of the NIC logic. 2x and 4x versions offeceived data stream - locking, typically, happens only
this clock are used for interfacing the QDRwvhen the system is powered up. While the TI TLK2500

Number of Clocks

SRAMS. transceiver has the shortest locking time of the available
« Quick channel send clock (66 MHz): This is thdransceivers, the overhead of the receiver PLL locking
send clock for the quick channel transceiver. onto the received data still constitutes 5% of a slot.

* Quick channel receive clock (66 MHz): This cloci jnks

is recovered from the incoming data stream by the _ .
quick channel transceiver. We decided to use coax cables for both the quick and

* Bulk channel send clock (125 MHz): This cloc he bu”;."nlkﬁnis t_ll?ﬁy prhO\t/rildehgi%nil;icgn:rlly Iqwr?rr ?[OStf
supplies the send clock for the bulk channel tran 1an optical finks. Though the high transmission raté o

ceiver. 5 Gbit/s limits the span of coax cables to roughly 5 m,
. Bulk channel receive clock (125 MHz): This CIOCkthls; link length seems sufficient for a rack-mounted
[ d from the incoming data §tream b thcéuster with a small to medmr_n Siz€. .
IS recovere . 9 Y e The challenges when designing the 2.5 Gbit/s bulk
bulk channel transceiver. link is the attenuation as well as the mismatches in de-

The large number of clocks posed several probler@ys when transmitting over differential wires. Both

Since the FPGA only provides four dedicated cloc
networks, we had to use regular wiring for some of e
clocks. As a result, skew control became a critical iss
for those clock networks implemented with regula
wiring. Further, crossing clock domains required syrF—
chronizers in the form of FIFOs. We designed the

FIFOs carefully to reduce the possibility of metastab When looking at the overall attenuation and delay

ctors impact the size of the signal eye seen by the re-
iving transceiver. We tested several different cables
d finally determined that the SkewClear 150 Ohm
winax cable from SpectraStrip performed the best. We
hose a low AWG of 22 to minimize attenuation. With
loss of 0.58 db/m, a 5 m cable contributes a loss of 2.9
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Figure 6: The Prototype Board of the Clint Switch



mismatch of a link, the PCB traces and cable connectord he timing and behavior of the two channels is mod-
also need to be considered. We chose Berg HSSE{ed as realistically as possible. Timing resolution is a
connectors specified for operating frequencies of up ¢gcle of 4 ns which corresponds to the byte-time on the
2.5 Ghit/s. We estimate that each connector adds a lbsgk channel. A simulation run takes’I§cles.

of 1 db. Finally, we manually laid out the differential Latency refers to the time a packet spends in the
PCB traces to minimize attenuation and control thegacket queue as well as in the buffer pool. More spe-
impedance by choosing the trace geometry accordingtyfically, the latency time starts when the packet is gen-
Given a maximal trace length of 6 in we calculated therated and deposited into the packet queue and stops
attenuation of the trace to be 3 db = 6 in x 0.5 db/in. Wehen transmission of the packet out of the send buffer
avoided vias as much as possible since they pose a biggins. The latency numbers neither include wire delays
nificant impedance mismatch. Measurements revealedr serialization delays, which can be a dominant factor
that the characteristic impedance of the differentiér small latency values.

traces is 110 Ohm rather than 150 Ohm. We found thatatency times are calculated as a function of load.
the impedance calculations based on the geometryTdfe load refers to the amount of packets generated by
the traces mistakenly did not consider the fact that thee packet generator. It is given as the fraction of the
thickness of the copper traces on the outer layers available link bandwidth.

creases during the metal plating process used to creai®e are using a synthetic workload with the following

vias. characteristics. The destinations of the packets form a
_ _ uniform distribution. The mean value of the injection
4. Simulation Results rate maintained by the packet generator is a parameter

In this section we analyze the Clint architecture witﬂf th.e S|mulat|o_n Wh"‘? the Injection mtgrva! varies ac-
ording to a uniform distribution. An option is provided

the help of a simulation model based on a regist 1 ; ; . R
transfer level description. et generate p'acke'ts in bursts; again, the distribution of
burst lengths is uniform.

We are currently porting Sun HPC ClusterTools .0
---------------- BER — to be able to benchmark MPI applications running on
Clint. Still, a simulation of a synthetic workload has its
own value as it more easily allows for evaluating indi-

No PO QSB! i No ) .
6 [T—s-oc Qc vidual architectural features.
— '
4

______ 4.2 Latency Simulations

PO BSB | |
SO=Ill : BL - BC . 5 Figure 8 illustrates the results of the latency simula-

Nys b0 QsB! Ny tions for the bulk channel. Four different architectures
I [ [ Qc ! are considered:

- . . .
““““““““““ B1. The bulk channel is not scheduled. The bulk switch
PG: Packet Generator N: Node . .

PQ:  Packet Queue QC:  Quick Channel contains no packet buffers. If packets collide, one
BSB: Bulk Send Buffers BC:  Bulk Channel packet is forwarded and the other ones are dropped
QSB: Quick Send Buffers .
and retransmitted.
Fioure 7: Simulation Model. B2. The bulk channel is not scheduled. The bulk switch
_ _ contains no packet buffers. Collisions are avoided
4.1 Simulation Methodology by applying back pressure.

Figure 7 shows a block diagram of the simulatioB3- The bulk channel is not scheduled. Collisions are
model. A cluster with 16 hosts is considered. For each resolved by storing packets in output buffers of the
channel, an initiator contains a packet generator that Switch. If an output buffer overflows, packets are
deposits packets into a packet queue that looks like a dropped and later retransmitted.

FIFO queug with unlimited length. Packets are transB4.The bulk channel is globally scheduled. This or-
ferred from the packet queue to the send buffers when ganization corresponds to the Clint architecture de-
space permits. The number of send buffers is a pa- scribed in the previous section.

rameter of the simulation run. For each architecture, the number of send buffers
contained in the hosts is 16. The output-buffered switch
has 16 buffers per output port. A buffer is large enough

® Future work will have to address the benefits of out-of-order prefetching a0 hold a complete packet.
described in Section 3.1.
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On the bulk channel, the load is made up entirely of request packets rather than delaying the transmis-
bulk request packets. The simulation assumes error-free sion of either of them.
transmission on the bulk channel. Bursty and non-In both scenarios the hosts contain four send buffers.
bursty traffic patterns are examined. Bursts have awe have simulated the latencies for the quick request
maximal length of five packets. packets again as a function of load. In the case of the
Examining the graphs of Figure 8 the following obguick channel the load is made up of different types of
servations can be made. As the load increases, thegackets. They are modeled as follows. The effect of the
tency increases less for the scheduled bulk channel thank acknowledgment packet, configuration packet, and
for the unscheduled versions of the bulk channel. frant packet on the simulated latencies are modeled as a
fact, the graphs show that the unscheduled architectureduction of the available bandwidth. The transmission
saturate at much less than the maximal channel capatboth the quick request and acknowledgment packets
ity. In these cases channel utilization is limited by HOls modeled in detail including collisions. Figure 10 only
blocking [9]. In contrast, the scheduled Clint channghows the load created by request packets — the shown
can be operated well above this point. Comparing doad does not include the traffic caused by quick ac-
chitectures B1 and B2 the use of back pressure redukaswledgment packets or packet retransmissions.
latency since it takes less time to recover from a con-Analyzing the graphs, the following observations can
flict. Adding buffers to the switch also improves chanbe made. The latencies are an order of magnitude
nel utilization, however, it cannot remove HOL blocksmaller for the quick channel than for the bulk channel.
ing which is a problem inherent to an unschedulethe quick channel does, however, saturate under less
switch. load than the bulk channel. The reason, of course, is the
Architectures B1-B3 represent conventional networkack of scheduling that would avoid HOL blocking and
that rely on local switching decisions. As the graphsollisions. The quick channel does, however, provide
clearly show, the use of a global schedule by the Clishough bandwidth that we do not expect it to be oper-
architecture B4 yields a significant improvement imated anywhere close to the saturation point. In terms of
channel utilization. packet throughput, the quick channel provides 15 times
There is, however, a price to pay for scheduling the capacity of the bulk channel, that is, for every re-
channel and the resulting higher channel utilizatiomuest forwarded on the bulk channel, 15 requests are
Imposing globally synchronized time slots to transmforwarded on the quick channel. Given that link satura-
packets adds, on average, half a slot to the packet tian is observed around 35% link capacity a ratio of up
tency. The latency is further increased by the time 5 quick request packets per bulk request packet can
needed to calculate the schedule. For these reasons béhéolerated.
latencies are higher for the scheduled bulk channel B4As the graphs show channel utilization can be signifi-
than for the unscheduled bulk channels B1-B3 at logantly improved by interleaving request and acknowl-
load. However, it should be kept in mind that the bulsdgment packets. Interleaving is applied in the switch as
channel is not optimized for low latency and that lowwell as in the NIC. In the switch, packet interleaving
latency packets are to be sent over the quick channel.reduces collisions and, with it, latency as request pack-
We have developed a method to speculatively schests are no longer dropped when they collide with ac-
ule the bulk schedule to reduce the synchronizatitimowledgment packets. In the NIC, packet interleaving
penalty under light load. We will describe this methotkeduces latencies as the transmission of acknowledg-

in a future publication. ment packets is no longer delayed when a request
Figure 9 illustrates the simulation results for the quigkacket is being sent.
channel. Two architectures are considered: We have extracted data points of graphs B4 and Q2

Q1.This is the unscheduled quick channel of the Clithd assembled them in Table 2 to make a quantitative
architecture. Packets may be dropped and retraf@mparison easier. For bursty traffic, the latency times
mitted as a result of collisions. for the quick channel are 19 and 11 times smaller for

Q2.This variation of the Clint quick channel interleave_L,OaOIS of 0.1 and 0.3, respectively, than for the bulk

. , annel.
gwi(t:é(hrzazefgeag?cacﬁﬂgrv:sed?g:ﬁ grt t%z%k%tfo FI)rlg)irt]lgngigure 10 shows the collision rates for architectures

request packets that collide with acknowledamen 1 and Q2. For Q1 we determined the rate of collisions
d P gmettith acknowledgment packets in addition to the rate of

packets, the switch intersperses acknowledgm. égllisions with both request and acknowledgment pack-

packets into the request packets. And the NIC "&s. For low load there are roughly as many collisions

terleaves the transmission of acknowledgment apg, request packets as there are with acknowledgment
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Messages (FM) protocol [18] and the Scheduled Trans-

Latency [us] Latency| fer Protocol (ST) [19] for HIPPI-6400. The FM protocol
Bulk Quick Ratio provides two send routines similar to sending a bulk
Channel| Channel packet and a quick packet, respectively. Unlike Clint,
Load=0.1| Non-bursty 7.4 0.1 51 both routines use the same channel. ST uses two sepa-
Bursty 21.0 11 19 rate channels: A high-bandwidth data channel and a
Load=0.3| Non-bursty|  10.5 1.0 11 low-latency control channel. The control channel is
Bursty 32.9 2.8 11 used by upper-layer protocols and is not available for
Load=0.5] Non-bursty|  16.8 the exchange of low-latency user-level messages.
Bursty 3.5 It is important to recognize the differences between
Load=0.7| Non-bursty| 34.2 | satu- the segregated architecture of Clint and other architec-
Bursty 103.7 | rated tures with multiple channels such as HIPPI-6400 [19].
Load=0.9| Non-bursty | 464.4 While Clint implements its two channels with physi-
Bursty 1636.7

cally separate networks, that is, with separate links and
Table 2: Selected Latency Simulations. switches, other approaches multiplex multiple channels
onto a single shared network. Some degree of decou-
packets. As the load and, with it, the number of repling can be achieved by using separate buffer queues
transmission increases, the ratio of request packets #Bid This technique is quite efficiently used to prevent
acknowledgment packets changes such that there HI®GL blocking in input-buffered switches [9]. Still, the
many more request packets. As a result, collisions withannels are competing for shared resources such as
request packets are more likely than collisions with afinks or switching fabrics. Also, design objectives set

knowledgment packets. forth for each channel have to be compromised if there
is one physical channel. Another important difference is
5. Related Work the usage model for the channels. Both channels of

Similarly segregated network architectures can a|§_EJ'”t are intended for general-'purpose usage. In par-
be found in parallel machines such as the Cray T ular, both channels are available to user programs.
[10] and the CM-5 [13]. These machines contain a low- is is not true for networks such as HIPPI-6400 that
latency network mainl.y used for synchronization Opqrovides a control channel in addition to a regular data
erations in addition to a general-purpose networkhannel and that restricts the usage of the control chan-

Compared with Clint, the physical span of these net€! t0 protocol processing.
works is, however, much more limited. .

The use of multiple networks with different charac‘-s' Conclusions
teristics is examined in [11],[12]. In these papers, aWe have described a segregated network architecture
technique called performance-based path selectiontligat provides two physically separate channels with dif-
tested on a cluster of SGI multiprocessors intercoferent characteristics: A high-bandwidth channel for the
nected with Ethernet, FibreChannel, and HIPPI netcheduled transfer of large packets at high bandwidth
works. This technique selects the network that offers thad a low-latency channel for best-effort delivery of
lowest latency for the size of the message to be tragsaall packets with low forwarding latency. Only by
mitted. Speedups of up to 2.11 are measured for the separating these two concerns, a network can be ob-
lected benchmark programs. tained that achieves high throughput and, at the same

A hybrid router architecture consisting of one switckime, low latency. The simulation results show that the
using wormhole routing and several switches using cibulk channel can be utilized nearly up to its full capac-
cuit switching is described in [4]. The former switchity and the quick channel provides latencies that are an
implements several virtual channels of which a subsetgeder of magnitude smaller than for the bulk channel.
used to set up and tear down the physical circuits im-Future work will have to explore criteria for selecting
plemented by the latter switches. The nodes prére channels. If the choice is not left to the application,
establish circuits by sending probes to the routers. Whe characteristics of the message such as size or type
like the central bulk scheduler of Clint, the routers onlgnight be used as a selection criteria. For example, short
have partial knowledge of the packets waiting in th@essages containing synchronization operations and
nodes to be sent and, as a result, throughput is redusgsburce management operations could benefit from
accordingly. using the quick channel.

The use of separate mechanisms to transport short angé/e have shown the advantages of a globally sched-
long messages has been proposed by the lllinois Falgid bulk channel that considers the packets as soon as
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they become available in the nodes: It achieves higﬁéﬂ C. Leiserson et alThe Network Architecture of the Connection Ma-

T : : chine CM-5 Proc. 1992 Symp. Parallel Algorithms and Architectures,
network utilization as well as lower latencies under load g9, 75575285

than other unscheduled networks or networks wifl4] A. Mainwaring: Active Message Application Programming Interface

scheduling local to the switch. This was achieved by and Communication Subsystem Organizatidniversity of California
at Berkeley, Computer Science Department, Technical Report UCB

imposing a rigid timing regime that relies on fixed for-  csp-g6-918, October 1996.
warding delays and coordinated packet transmissidfg] A. Mainwaring and D. CullerDesign Challenges of Virtual Networks:

; ieci Fast, General-Purpose CommunicatiohCM SIGPLAN Symposium
This allows transmission paths to be allocated at the on Principles and Practice of Parallel Programming (PPORRNta,

time a packet leaves a host so that packets passing ceorgia, May 4-6, 1999.
through the network do not inflict any collisions. B){lG] N. McKeown, C. Calamvokis, S. Chuany2.5 Tb/s LCS Switch Care

. . . . : Hot Chips 13, August 19-21 2001, Stanford, California.
aVO|dmg such conflicts, head-of-line bIOCkmg IS117] Message Passing Interface ForuvtPl: A Message-Passing Interface

avoided. Standard Technical Report 94-230, Computer Science Department,
As the bulk channel requires only a simple flow-  University of Tennessee, May 1994.

. 18] S. Pakin, V. Karamcheti, A. Chierfast Messages (FM): Efficient,
thrOUgh switch that does not have to process packets[, d Portable Communication for Workstation Clusters and Massively-

can be easily scaled to higher speeds. Furthermore, an Parallel ProcessarlEEE Concurrency, vol. 5, no. 2, 1997, pp. 60-73.

i H i National Committee for Information Technology Standardization:
|mplementat|on can be envisioned that uses a puré’@/] Scheduled Transfer Protocol (STask Group btgt11.1, rev. 3.6, Janu-

optical interconnect for the bulk channel and an electri- ary 31, 2000, www.hippi.org.
cal implementation for the quick channel. [20] V. SunderamPVM: A Framework for Parallel Distributed Computing
Concurrency: Practice and Experience, vol. 2(4), December 1990, pp.

315-339.
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