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Abstract—For wide-area high-performance applications, Network [2], UltraScience Net [3], CHEETAH [4], and
light-paths provide 10Gbps connectivity, and multi-core others. At the same time, multi-core hosts equipped
hosts with PCI-Express can drive such data rates. However, with PCI-Express 1/0 bus achieve 9.9 Gbps throughput

sustaining such end-to-end application throughputs acras for | | d f . 0-Gigabi h
connections of thousands of miles remains challenging, and or local-area data transfers using 10-Gigabit Ethernet

the current performance studies of such solutions are very (10GIgE) Network Interface Cards (NIC). Also, there
limited. We present an experimental study of two solutions has been an active development of high performance

to achieve such throughputs based on: (a) 10Gbps Ethemet protocols such as Binary Increase Congestion Control
with TCP/IP transport protocols, and (b) InfiniBand and (BIC) [5], CUBIC [6], High-Speed TCP (HSTCP) [7]

its wide-area extensions. For both, we generate perfor- Hamil TCP (HTCP) I8]. Scalable TCP [9 d oth
mance profiles over 10Gbps connections of lengths up to amilton ( ) [8], Scalable [9] and others

8600 miles, and discuss the components, complexity, and[10], [9], [11] that target such data rates over wide-area
limitations of sustaining such throughputs, using differeit connections. These solutions are often seen in higher-

connections and host configurations. Our results indicate |eyel transport tools such as bbcp [12] and GridFTP [13].
that IB solution is better §uited for_ applications with a While the ingredients for 10Gbps throughput are avail-
single large flow, and 10GigE solution is better for those .
with multiple competing flows. able, the task of sustaining end-to-end throughput at such
rates over thousands of miles still remains complex, and
Keywords and Phrases: InfiniBand, 10GigE the performance measurements on real connections that
LAN/WAN-PHY, TCP performance, high-performanceyinpoint the pertinent technical issues are rather limited
networking. The data transport across wide-area networks has
traditionally been based on 1/10GigE technologies com-
bined with SONET or WAN-PHY technologies in the
A number of large-science and data-center applicaide-area. InfiniBand (IB) was originally developed for
tions require efficient data transport with throughpudata transport over enterprise-level interconnectioms fo
rates in the range of 10Gbps over wide-area netwodkusters, supercomputers and storage systems. It is quite
connections. For example, the transfer of a terabytemmon to achieve data transfer rates of 7.5 Gbps using
dataset at a sustained rate of 9Gbps takes about ciBnmodity IB Host Channel Adapters (HCA) (SDR 4X,
minutes, whereas a petabyte dataset takes about 8Gbps peak) by simply connecting them to IB switches.
days. However, data transfers with such end-to-emtbwever, geographically separated IB deployments still
performance are still not being widely realized overely on transition to TCP/IP and its ability to sustain
wide-area production networks, despite the availabil~0-8.0 Gbps rates for wide-area data transfers, which
ity of both wide-area connections and hosts capabby itself requires significant per-connection optimizatio
of such rates. To support such applications, dedicat®dry recently, there have been hardware implementa-
10Gbps connections can be provisioned over sevet@ns of InfiniBand over Wide-Area (IBoWA) devices,
networks, including Internet2 [1], ESnet’s Data Sciencés particular Longbow XR from Obsidian Research
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Corporation [14] and NX5010ae from Network Equip+ate, since congestion control of TCP provides a graceful
ment Technologies [15]. Preliminary results indicate thatale-down of individual flows. On the other hand,
IBOWA technologies can sustain multiple Gbps transfesignificant effort is needed in choosing and tuning an
rates over thousands of miles, for example, 7 Gbpgppropriate TCP method to sustain multiple Gbps flows
over 8600-mile connections [16], [17]. These devicest thousands of miles. As our measurements indicate
can be simply dropped-in at the edges of wide-areagood solution requires a suitable number of streams
connections, thereby by-passing the transition to TCP/IBptimized for each connection length.
and somewhat surprisingly offer a potential alternate IBoWA solution is best suited to scenarios with a
solution for wide-area data transport. single large multiple Gbps flow with the rest of IP traffic
There have been very limited number of results puldggregated to a single 1 Gbps flow. However, it would re-
lished on the wide-area measurements of 10GigE andire dedicated wide-area connections particularly when
IB technologies for the problem space described aboveONET is used. Limited amounts of wide-area cross-
and much less seems to be known about their compaitgffic may be supported over WAN-PHY connections,
tive performance. While both these technologies can bet high levels lead to lower performance, and thus this
deployed on SONET or 10GigE wide-area connectionsplution does not provide a graceful performance scale-
their deployment costs, configurations and regions of ogown. On the other hand, other traffic at an aggregate
timal performance are significantly different. Thus, it isate of 1 Gbps can be supported by using the additional
critical to correlate and understand the performances férts provided by IBoWA devices without affecting their
these two competing solutions to make informed choicd® performance. Furthermore, IBoOWA is particularly
since once deployed, significant costs are involved aitractive for its capability to natively extend the IB
replacing one by the other. interconnects of supercomputers and clusters, and to
We conduct structured experiments to assess thépport certain MPI applications over wide-area.
throughput performance of these two technologies in This paper is organized as follows. We first describe
terms of their scalability to connection lengths an@ur experimental environments in Section Il. We de-
stability to repeated measurements. We consider varicig§ibe the 10GigE and IBoWA solutions in Sections
combinations of hosts, edge devices and connectibhand 1V, respectively. We compare the performance
modalities and lengths. We allocate approximately @f these two methods in Section V, and present our
few days of effort in tuning the configuration for eact¢onclusions in VI.
of these methods, and utilize openly available software
implementations. Our choice is mainly motivated by the
likely performance achieved by an informed user with. Host and Edge Systems

limited efforts rather than the peak performance achiev-\we consider three types of host configurations shown
able by domain experts with considerably more efforis Table 1. We primarily utilize pairs of quad-core dual-
(weeks to months). In comparison, these two methodssocket and dual-core dual-socket hosts with 2.0 and 2.6
are suitable to different scenarios, and represent differesHz processors, respectively, and each is equipped with
cost-benefit trade-offs. The 10GigE solution requires @& pCl-Express 1/0O bus. These hosts run Linux 2.6.18
transport method such as TCP to ensure reliable dajgd 2.6.23 kernels, respectively, both of which support
transport. This solution is generally preferred if therguto-tuning and pluggable TCP congestion control mod-
are several data flows each with multiple Gbps floyles. These hosts are equipped with Myrinet 10GigE
cards, and InfiniBand HCAs from \oltaire or Mellanox.
1The incremental performance improvements of these metho‘:i_s h ke of . ith | ful h
possible by further optimizations may not be “simply” exintated or the sake of comparison with less powertul hosts, we
from our results here; in particular, much higher TCP perfance may g|so utilize a pair of dual-core single-socket 2.19 GHz

be possible by expert-level optimizations, which need tpé&éormed ) ] ]
on per-connection basis with significantly more effort. Xeon processor hosts with PCI-X bus with 2.6.9 Linux
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TABLE |
HOST CONFIGURATIONS

hosts processory 10GigE NIC PCI bus IB HCA Linux
I quad-core | 2.0 GHz Myrinet PCI-Express \oltaire 2.6.16
dual-socket | Opteron 400EX
Il dual-core 2.6 GHz Myrinet PCI-Express Mellanox 4X 2.6.23
dual-socket Xeon 4X DDR Connect X
1] dual-core | 2.19 GHz| Netrion 1 PCI-X 2.0 n/a 2.6.9
single-socket]  Xeon

kernel, which does not fully support TCP auto-tuning

. . ) . / | I BER=E A Circuit-Switched Testbed
capability. These hosts are equipped with Netrion NICs Jl==t e b

. %PNNL UltraScience Net
connected via PCI-X 2.0 bus.

At the edges of wide-area connections, we utilize )
Longbow XR units to support IB over SONET OC192, o )y
and also over 10Gige WAN-PHY and LAN-PHY con-
nections. In a general configuration, IB ports on Long-
bow XR devices are connected to Flextronics and Cisco = = .

== Dual 10Gbs SONET Backbonie
s MPLS (Via ESnet)

= Storage or Other Res.

IB switches, which are locally connected to two separate
IB clusters with their own IB Subnet Managers (SM). We

have also conducted experiments using two NX5010ae
devices for IB extension over SONET, where the Cisco
IB switch running its internal SM is connected to one ORNL
NX5010ae and the other is directly connected to a host. 00mips  3300miks 4300m ks

host 2

Results are available in an earlier paper [17]. For even oo =@y

host 3

(a) UltraScience Net

10GigE Connections

simpler connections, hosts are directly connected to 1B
ports on IBOWA devices with SM running on one of

ORNL bop 0.2 m ik I 10 GigE WAN-PHY ==
them ORNL-Chicago bop — 1400 m iks | 10 Gigk LAN-PHY ==

0C192 —

ORNL-Chiago - Seattk bop — 6600 m ies |

B. Wide-Area Connections ORNL - Chiago — Seattk —Sunnyvak bop — 8600 m ks |

The wide-area connections are dynamically config-
ured as SONET or WAN-PHY on UltraScience Net [16]. (b) 10Gbps switching at CDCI and E300
USN data-plane consists of four thousand miles ofig. 1. Provisioning of 10Gbps connections on UltraScieNe.
dual OC192 (9.6Gbps) connections spanning Oak Ridge,
Chicago, Seattle and Sunnyvale as shown in Figure
1(a). SONET links are provided between Ciena CDGInd IBoWA devices are installed at Oak Ridge National
switches, which in turn are connected to 10GigE WANEaboratory (ORNL) in pairs to dynamically provision
PHY ports of Forcel0 E300 Ethernet switches as shovsop-back connections of various lengths and types. The
in Figure 1(b). The E300 10GigE ports can be configurelDGigE NICs on hosts are connected to LAN-PHY ports
as WAN-PHY or LAN-PHY, and the two can be crosson E300. Longbow XRs are connected to CDCls for
connected to provide the conversion between the twoSONET connections, and to E300 for 10GigE connec-
We utilize SONET OC192 and 10GigE WAN-PHYtions and are switched in software between WAN-PHY
connections of lengths 0.2, 1400, 6600 and 8600 milemd LAN-PHY. For the wide-area connections, SONET
with RTTs (Round Trip Time) shown in Table II. Hostsloop-back connections are realized by employing pairs



TABLE 1l N
RTT OF DIFFERENTCONNECTIONLENGTHS significantly.

A. Performance Profiles

connection length 0.2 | 1400 | 6600 | 8600
(miles) Let Ta(d,n), A € {BIC,HTCP} denote the iperf
RTT (ms) 0.28| 26.8 | 128 | 163 throughput measurement over 10Gigg WAN-PHY con-

nection of lengthd usingn TCP streams of typel. Let

Ta(d) denote the average throughput over 10 repeated
of OC192 links switched exclusively at CDCls. Simmeasurements using TCP of typeover a connection
ilarly, WAN-PHY or LAN-PHY connections between of length d with an appropriately chosen value far
two E300 ports are realized by switching at E300s. Fej averaged over a chosen range of valuesrfoiVe
1400-mile WAN-PHY connection, two parallel WAN- compute théDecrease Per Mil§DPM) of the throughput
PHY connections are provisioned between ORNL an@r connection of lengthd; miles with respect to the

Chicago by terminating the OC192 links between CDGdonnection of same type of base length miles as
switches at the corresponding E300 switches; then thg, (4,) = W,

two connections are cross-connected on Chicago E300Ne characterize the throughput performance of
switch. The longest 8600-mile WAN-PHY loop-backi0GigE solution based on the following profiles:
connection between two ports of ORNL E300 is pro(a) pistance Scalability: The distance-profileis gen-
visioned as follows: (i) ORNL to Chicago OC192 link  grated by measuring TCP throughpuf (d, )

is terminated on E300s at both ends on their 10Gi9E  for 4 ¢ {BIC,HTCP}, n = 1,2,...,20 and
ports, (i) Chicago to Sunnyvale OC192 connection ; _ 0.2, 1400, 6600, 8600 miles. The distance-
through Seattle CDCl is similarly terminated on E300s  pofile can be illustrated as a two-dimensional sur-
at both ends, and (iii) a parallel ORNL to Sunnyvale  face 7, (d,n) with d andn alongz andy axes,
OC192 connection through Chicago and Seattle CDCls  yegpectively.

is terminated on respective E300 10GigE ports. Then thg) performance Stability: The stability-profileis gen-
connections (i) and (ii) are cross-connected on Chicago erated by repeating the throughput measurements
E300, and connections (i) and (iii) are cross-connected 7, (4 p) ten times for fixed! andn = 1,2, ... ., 20.

on Sunnyvale E300. The stability-profile is also illustrated as a two-
dimensional surface, where axis represents the
repetition number ang axis represents. We also
computeT's(d) averaged over the repeated mea-

Ill. TCP OVER 10GIGE SOLUTIONS

The 10GigE data transport solution consists of hosts
Fonnected to LAN-PHY ports_ on ORNL E300, which are surements ang = 5.6, ..., 15, and then compute
in turn cross-connected to wide-area WAN-PHY connec- the corresponding DPMD 4(d) values for base
tions described in the previous section. The throughput lengthdy = 0.2 andd = 1400, 6600, 8600 miles

measurements are collected using iperf tool. Using Linuﬁ1e two-dimensional plots of these profiles visually

sysctl utlities, we dynamically selected different TCPdepict the overall qualitative behavior of the throughput

congestion control protocols, including the default BIC .
9 P ' 9 as we vary the connection length and the number of

HTCP, HSTCP, Scalable TCP, and Vegas. To keep the .
) parallel streams, and repeat the experiments.

presentation tractable, we present measurement results

for the top two protocols in terms of throughput, namelf- Transport Methods

BIC and HTCP; the others performed significantly lower TCP protocols targeting connections of thousands of
even at 1400 miles, as shown in Figure 4(a) for themiles with multiple Gbps capacities continue to be the
top three protocols. In all cases, TCP auto-tuning waspic of extensive analytical and experimental research
turned on, and our limited attempts to manually tung0], [9], [11]. Typically, these methods are based on im-

these TCP parameters did not improve the performangeving the congestion control and buffer management,



length (miles) 0.2 ] 1400 | 6600 | 8600 | average
ave throughput 5-15 streams (Gbps) 9.12 | 6.69 | 0.76 | 0.50 4.30
std dev (Mbps) 64.11 | 70.08 | 24.96 | 21.08 33.78
DPM -| 174] 1.27] 1.00 1.34

Distance profile for BIC TCP throughput for BIC

“bic_scale’ matrix

"tep_bic_0.2' matrix
‘tep_bic_1400° matrix
tcp_bic_6600" matrix -

bic_8600' matrix

7 7
Mbps 6000 Mbps 6000
5 5

Number of flows #Parallel Streams

5
Repetition Number

(a) distance profile %)) stability profile
Fig. 2. Performance of BIC on 0.2, 1400, 6600 and 8600 ‘mileneotions.

length (miles) 0.2 1400 | 6600 8600 | average
ave throughput 5-15 streams (Gbgs) 9.21 6.71| 1.22 1.79 4.72
std dev (Mbps) 12.25| 377.42| 18.96 | 128.15| 44.58
DPM - 1.79] 1.21 0.87 1.29

*htcp_scale’ matrix 'tcp_htep_0.2" matrix

“tep_hitcp_1400’ matrix

‘tcp_htcp_6600° matrix -
8600’ matrix

7 k 7 =
Mbps 6000 Mbps 6000
5 5

Number of flows 0 #Parallel Streams

(a) distance profile (b) stability profile

Fig. 3. Performance of HTCP on 0.2, 1400, 6600 and 8600 mimections.

and a detailed discussion of these methods is beyoachieved higher throughput of 0.85 Gbps compared
the scope of this paper. In addition, there are also sevetal 0.78 Gbps of BIC. For longer connections, both
non-TCP methods studied for such connections [18]. Tiperformances are lower with BIC achieving below 65
TCP modules used here are readily available in recavibps, and HTCP achieving 283 Mbps. Clearly, single
Linux kernels. TCP streams of either type were unable to reach 1Gbps
on connections lengths of 1400 miles or longer even with
C. Throughput Measurements auto-tuning.
The profilesT4(d,n), for A € {BIC, HTCP} are
shown in Figures 2 and 3, respectively, and their com- Better throughputs were achieved only using multi-
parative performance is illustrated in Figure 4. For singlgle TCP streams, and in both cases, suitable number
streams at local connections, BIC and HTCP achieved multiple streams were needed to achieve the peak
comparable performance of 6.98 and 6.78 Gbps, rdwoughput. At 1400 miles, BIC and HTCP achieved
spectively. For 1400-mile connection, however, HTCPBeaks of 8.2 and 8.5 Gbps using 19 and 12 flows,



miles 0 1400 | 6600| 8600
1 stream (Mbps) | 1392 | 16.32| 3.42| 2.56
e 10 streams (Mbps) 3719 | 176.30| 33.50| 25.78

Iperf TCP Performance

USN connections

"tcp_out_0' matrix
"tep_out_1400" matrix
tcp_out_6600" matrix
~_'tcp_out_8600" matrix

throughput (Mbps)
g
8

Throughput - Mbps
4000

3500
100 3000
2500

/
/

5 10 5 20 2000 1/
number of streams 1500

1000

(@) BIC, HTCP and HSTCP for 1400 miles

Repetition Number

250(

(a) stability profile

Fig. 5. Performance profiles for host configuration Ill

150¢

throughput (Mbps)

100¢

throughputs of 1.39 and 2.38 Gbps using 20 flows
each. At 8600 miles, BIC and HTCP achieved peak
° b chaars ® throughputs of 0.96 and 2.59 Gbps using 19 and 16
flows, respectively. In both cases of BIC and HTCP,
the throughput degraded as indicated by DPM values
at an overall rate of 1.3Mbps per mile, which is roughly
1.3Gbps loss of throughput for every thousand miles of
connection.

500 hiep

(b) BIC and HTCP for 8600 miles

TCP throughput vs. lenth: BIC and HTCP

“bic_dist’ matrix
“htcp_dist’ matrix

Host configurations have a significant effect on the
throughputs achieved by the transport methods. To il-
lustrate the extreme case of default TCP throughput,
we repeated the measurements using less powerful hosts
of Type Ill in Table | over the same connections with
default BIC. The TCP throughput with 10 streams was

() distance profiles of BIC and HTCP limited to 3.7 Gbps even for a local connection and was
Fig. 4. Comparison of throughputs of BIC and HTCP. degraded to 26 Mbps for 8600-mile connection as shown

in Figure 5. The reasons for this low performance include

the slower PCI-X bus together with limited auto-tuning

respectively, but when averaged ovee 15,16,...20, of TCP stack for Linux kernel 2.6.9.

the former achieved higher throughput. Overall, the |n summary, achieving multiple Gbps throughputs
performance of BIC was higher for 1400 miles whever connections of thousands of miles requires a suit-
more streams are employed as shown in Figure 4(able choice of the host configuration and NIC together
wherein we also included the performance of HSTCRith TCP implementation and the corresponding choice
for comparison. for number of streams. It is quite possible to achieve

For longer distances, the performance of HTCP wasgher TCP throughputs than indicated here by further
consistently better than that of BIC as shown in Figureptimizing various parts, which would in general require
4(b). For 6600 miles, BIC and HTCP achieved peal deeper knowledge of the hosts and TCP optimizations.

70
Mbps
50




IV. WIDE-AREA INFINIBAND SOLUTION which are in turn connected to CDCI switches as shown
in Figure 8. For WAN-PHY, they can be connected to

The IB Architecture (IBA) [19] defines an open spec- _
ification for interconnecting compute nodes, /O node%ItherCDCI or E300 switches; however, the performance

and devices in a system-area network. It includesig these cases is quite similar to the corresponding
opONET or LAN-PHY connections and hence is not

giscussed here.

communication architecture from the switch-based n
work fabric to transport layer communication interfac

for inter-processor communication. Processing and 1/8 |B Connection Establishment with RDMA CMA
nodes are connected as end-nodes to the fabric by HCASThe i rdma bw benchmark provides an option to

The collection of nodes and switches is referred to as @Ract two different methods for setting up IB connec-
IB subnet. IBA specifies transport services and protoco&:ans. With the default method, two processes establish
in its communication stack. The OpenFabrics Emerpri%\esocket in advance, exchange their IB connection pa-
Distribution (OFED) supports 1B, which is develc’peq'ameters through the socket, and finish setting up 1B
and maintained by the OpenFabrics Alliance[20]. OFERonnections through its INIT/RTR/RTS phases. If the
includes software packages that support a broad rangBma CMA method is chosen, the processes set up

of environments, including message passing, file systgfkir connections by invoking the RDMA CM interface.

and storage. The connection initialization and tear-down are done

natively via InfiniBand. In either case, the_ldma bw

_ benchmarks measures the throughput of data communi-
A new class of IBOWA devices [14], [15] connect acation as seen by 5000 RDMA operations, excluding the

InfiniBand subnet to the ends of a wide-area c:onnectiotri'h.Ie taken for connection establishment. We collected

thereby extending their IB connectivity to W'de'areameasurements using both methods for connection setup.

However, as 1B was originally designed for enterprisero our surprise, the performance difference was quite

level deployments, its flow control method is IImItedsigniﬁcant at large connection lengths. While the differ-

to the delays of few milliseconds needed for SucIejnce was negligible for 1400 miles, the former achieved

dep_loyments.. To overcome this restriction, the IBOW'Ar‘nuch higher throughputs as shown in distance profiles
devices provide a large amount of buffers at the edge ﬁ%f Figure 6(a). Furthermore, the measurements using
a wide-area connection, and effectivelyterminate” thﬁDMA CM are more stable, whereas without this option

original 1B flow control locally. The network packe_tsthe measurements varied quite significantly leading to
from IB subnets are converted by these IBoWA OleV'Ceﬁon—smooth stability profile as shown in Figure 6. Our

to SONET or Ethernet packets, and transmiited OVeTiftial examination suggests that this could be because

IFmg-hauI connection of.thousands of miles. A_‘t the SaMKe 1B connection parameters were chosen differently
time, these ch_)WA devices preS(?rve_ the rlatlve B fIO\% two different connection setup methods. The explicit
control dynamics when communicating with the HCA?)arameters used in the default case were unable to

or SWItcfh_e.S n .the IB_ netw.or.ks, thereby achieving thSchieve the best performance of InfiniBand on the wide-
compatibility with native InfiniBand deployments. area network across very long distances

In our tests, the IB solution consists of end hosts
with HCAs connected via PCI Express 1/O bus, whicfs- Performance Profiles
are connected to IB ports of Longbow or NX5010 Using theib_rdma bw benchmark with -c¢ option that
devices. These WAN ports of IBOWA devices in turn aretilizes CM to setup the connection, we have generated
connected to wide-area OC192 or 10Gige WAN-PHYerformance profiles of InfiniBand RDMA by varying
or LAN-PHY connection. For SONET, there deviceshe message sizes and connection lengthsTl€tl, s),
are connected to CDCI switches as shown in Figure B, €¢ {SONET,WANPHY}, denote the RDMA
and for LAN-PHY they are connected to E300 switchethroughput measurement collected byrithma bw tool

A. Extending the Reach of InfiniBand to Wide-Area



1B throughputs with and without RDMA CM

‘ib_ave’ matrix
'ibcm_ave’ matrix

nection lengthd = 0.2, 1400, 6600, 8600 miles.

(b) Performance Stability: We compute thestability-
profile by repeating 10 times the throughput mea-
surements for fixed message size=8M, and for
d = 0.2,1400, 6600, 8600 miles. We also compute
the throughput DPMDg(d) for these connection
lengths.

(c) Cross-Traffic Profiles: In IB cross-traffic pro-
file we measurels(d,s) for fixed d and s =
20 21 .. 223 under the presence of cross-traffic
on wide-area connection at the rates of 1, 2, 3 and
4 Gbps. We utilize the additional ports on E300
switches to inject external UDP traffic as will be
discussed later in this section. We depict the cross-
traffic profile as a two-dimensional plot with cross-
traffic rate alonge-axis ands alongy-axis.

Throughput - Mbps
£

8000
7000
6000
5000
4000
3000
2000
1000

essage size - log(bytes)

66
Connection lenght - miles

(a) average throughput with and without RDMA CM

1B throughputs

‘ib_peak’ matrix
'ib_ave’ matrix

Throughput - Mbps

8000
7000
6000
5000
4000
3000
2000
1000 |- _

1) SONET ConnectionsThe distance- and stability-

(b) peak and average throughput without CM profiles for SONET connections are shown in Figure
1B throughputs variatons 7. Using SDR 4x HCAs, average throughput of 7.48
oGt mai Gbps is achieved using Longbow XR devices on the

Throughput - Mbps

local connection. The throughput only decreased to 7.47
Gbps for 1400 mile connection and to 7.34 Gbps for
8600 mile connection. Furthermore, these throughputs
measurements were very stable as indicated by the low
710 standard deviation of measurements in Figure 7. Also,
the throughput DPM is at the worst 17Kbps per mile,
which is at least 50 times better than the corresponding
rate for TCP BIC and HTCP.

8000
7000
6000
5000
4000
3000
2000
1000

(c) stability profiles with and without CM

Fig. 6. Effects of RDMA CM
2) WAN-PHY ConnectionsThe configuration and

ide- ti fl fof type B usi i .
over a wide-area connection of lengtfof type I3 using performance profiles for 10GigE WAN-PHY connec-

a message size of. Let Tp(d) denote the average -
9 i 5(d) i 9 tions are shown in Figure 8. The throughput performance
throughput with 8M message size over 10 repeated | . . - .
¢ id i ¢ q in this case is very similar to SONET connection,
measurements on a wide-area connection o . . L .
. W I typeen thereby showing that 10GigE connection is equally vi-

lengthd. As in the case of previous section, we compute . . .
9 P T (do) T (i) P able to support IBoWA devices. This is an important
the DPM of IB throughput adp(d;) = 5 —7-—

i—do " aspect since it has become significantly cheaper to
Three types of performance profiles are generated &%ploy wide-area 10GigE networks compared to SONET
characterize the performance. networks. In Figure 8(c) we superimposed the distance-
(a) Distance Scalability: We generate the IBistance- profiles computed using the peak and average values of
profile Ts(d, s) by measuring the throughput forTs(n,s) — they match quite closely, which is another
messages size = 20,21, ... 223 pytes and con- indication of the stability of measurements.



IB over 10GigE LAN-PHY and WAN-PHY

1B 4x —
0C192 —
ORNL bop 0.2 m ik | 10 GigE LAN-PHY
ORNL-Chiago bop — 1400 m iks | 10 GigE LAN-PHY m==
1GigE —

ORNL-Chiago —Seattk bop — 6600 m iks |

ORNL - Chicago — Seattl —Sunnyvak bop — 8600 m iks |

(a) configuration

miles 0.2 | 1400 | 6600 | 8600 | ave
ave. throughput (Gbps)) 7.50 | 7.49 | 7.39 | 7.36 | 7.43
std, dev (Mbps) 0.07| 0.69 | 0.08 | 0.20 | 0.11
DPM (Mbps/mile) - 0.018| 0.018| 0.017| 0.017

B throughputs - RDMA with CM Average and peak IB throughputs - RDMA with CM

“ibcm_ave’ matrix
‘ibbem_ave’ matrix

“ibcm_ave’ matrix
‘ibcm_peak’ matrix

Throughput - Mbps Throughput - Mbps
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Ce tion lenght - mile 6600 c tion lenght - mil 6600
nnection lenght - nnection lenght - mi
onnection lengl iles 5608 onnection lengl iles 5603

(b) distance profile of uni- and bi-directional bandwidth (c) overlapping average and peak bandwidth profiles

Fig. 8. Performance of IB over 10GigE WAN-PHY on 0.2, 14000@6&nd 8600 mile connections.

D. Effects of Wide-Area Cross-Traffic below 1Gbps for the 8600-mile connection with 4Gbps
cross-traffic.

For WAN-PHY connections, we injected UDP cross-
traffic using additional USN hosts of type Il at rates 1',5' 1GigE Support on IBoOWA Devices
2, 3 and 4 Gbps in the configuration shown in Figure By utilizing the 1GigE ports on Longbows, we col-
9(a). The cross-traffic profiles are shown in Figure 9(b¢cted throughput measurements while IB traffic was sent
for d = 1400, 8600. When cross-traffic levels are belowat the highest rate for that connection. The IB traffic and
1Gbps, there is no impact on the profile, but throughp@GigE did not have any interference effect on each other.
was drastically lowered at cross-traffic levels of 2GbpEhe TCP and UDP measurements for 1GigE connection
and higher, and the effect is worse at longer distanceakat parallels IB connection are shown in Figure 10,
Under the former case, the residual WAN bandwidtivhich remained the same with or without IB traffic.
after accounting for cross-traffic is above 8Gbps needétbwever, throughputs are higher when only one GigE
for IB DDR 4x, but in the latter case the residuaportis utilized on Longbow XRs. The aggregate through-
bandwidth is below 7.6Gbps. However, in the latteput when both 1GigE ports are used simultaneously to
case, the achieved IB throughput is much lower than tlearry traffic is lower as shown for 1400 mile connection
residual bandwidth as shown in Figure 9, for exampl@ Figure 10(b).
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miles 0.2 1400 | 6600 | 8600 | ave
ave. thruput| 7.48 | 7.47 | 7.37 | 7.34 | 7.47
(Gbps)
std, dev 4527 0.07 | 0.09 | 0.07 | 11.40
(Mbps)
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(Mbps/mile)
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Fig. 7. Performance of IB over SONET connections.

miles | 1400 | 6600 | 8600
O 749| 7.39| 7.36
1G| 7.49| 7.39| 7.36
2G| 3.13| 1.38| 0.74
3G | 3.25| 1.97| 1.02
4G | 2.91| 1.82| 0.96
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Fig. 9. Cross-traffic effects on IB over 10GigE WAN-PHY on 0.2
1400, 6600 and 8600 mile connections.

By combining these results with those in previous
section, to fully achieve peak IB throughputs, the cross-
traffic must be kept at or below 1Gbps whether injected
onto WAN connection externally or directly into a single
Ethernet port on IBoWA device.

V. CoMPARISON OF10GIGE AND IBOWA

We now compare the TCP over 10GigE solutions with
IBoWA solutions for wide-area data transport in terms
of cost, ease of deployment and throughput.

A. Deployment Considerations

In terms of hosts, these two methods have the same
order of costs and complexity in that they require suf-



miles 0.2 | 1400 | 6600 8600 |  equires significant expertise and effort.
TCP thruput (Mbps)| 944 | 896 | 319| 350

UDP thruput (Mbps)| 962 | 962 | 962 | 962

In terms of wide-area connection, IB solution essen-
tially requires a dedicated wavelength for OC192 or
10GigE WAN-PHY configurations of IBoWA devices.
Typically, OC192 connections are cross-connected to
wide-area links at full bandwidth and do not support
third party cross-traffic. Cross-traffic can be introduced
when 10GigE wide-area connections are used by IBOWA
devices by trunking other Ethernet traffic along with

Iperf TCP Performance - IBOWA GigE ports

"1gigE_tcp_dist' matrix

that due to these devices. But as shown in the previous
? paraer veams section, cross-traffic levels above 1Gbps rates can dras-

Connection Length

mies tically reduce IB throughput. Also, two 1GigE Ethernet
(a) distance profile ports on a IBoWA device support parallel Ethernet
streams, but each with the capacity limited to 1 Gbps.
1068 Perlormance of GIgF ports on BOWA On the other hand, the deployment of 10GigE TCP
2 ZZ1 /d/:/m%%g solutions does not require an exclusive access to entire
5; 70b = t&%gg&%ﬁgﬁ% ';HY wavelengths for wide-area connections.
2 60b -_.  tcp concurrent digE2
g 50p B. Throughput Considerations
:Zw For point-to-point data transfers, IB is able to achieve
2°3i47<>0<>A and sustain higher throughputs over longer distances
i % number of streams as indicated by the average DPM, given By =
(b) Performance on 1400 mile connection %d:14007§6%0078600 De(d), of less than 0.02 Mbps per

_ , _ _ mile, as opposed to 1.3 Mbps per mile for both BIC
Fig. 10. GigE traffic supported by IBoWA devices.
and HTCP, which represents a scale factor of about 65.
In terms of achievable throughputs, IB performance is
very stable as indicated by the standard deviation of 0.09
ficiently powerful processors and PCI-Express bus iapps on wide-area connections, compared to around 30
support 10GigE NIC or IB HCA. Also costs of NICS\pns for multiple stream TCP throughputs. For 1400
and HCAs themselves are not significantly different. e connection, BIC and HTCP with suitable number
In terms of edge devices, IB solution requires thef parallel streams achieve throughputs above 8Gbps
special IBoWA devices which represent a significarate, which is above the IB throughput of 7.4Gbps.
procurement cost. On the positive side, these devicBst when combined with 1GigE traffic supported by
could be simply dropped in-place, and require verlBoWA devices, their aggregate throughputis at the level
simple configuration changes to switch between OC1@# 8.2Gbps. On the longer connections, however, data
and 10GigE LAN-PHY/LAN-PHY. But they support throughputs of IBOWA are about 7.3 Gbps, whereas the
only point-to-point connections and must be providedTCP throughputs were limited to 2.5 Gbps.
at both ends of each connection. In comparison, TCPIB solution does not gracefully degrade in the pres-
10GigE solutions can be implemented on shared widence of cross-traffic above few Gbps. Even short duration
area connections very easily. Hosts with 10GigE NICzross-traffic levels of 4 Gbps significantly degrade the
can be directly plugged into 10GigE edge switches thié® performance. TCP on the other hand has the built-in
terminate the wide-area 10Gbps connections. But, th@chanisms to adapt to decreases in available bandwidth
performance tuning of TCP is connection-specific andue to cross-traffic.



VI. CONCLUSIONS VII. ACKNOWLEDGMENTS

There are two seemingly different approaches for Authors are grateful to Pete Wyckoff for his comments
achieving wide-area high-performance data transfeifiat greatly improved the discussion and presentation of
over connections of thousands of miles based on: (&) results in this paper. This research is sponsored by
10GigE technologies supported by TCP, and (b) lEhe High Performance Networking Program of the Office
technologies supported by their wide-area extensior®d. Science, U.S. Department of Energy, under Contract

We compared the performance profiles of both soliNo.

DE-AC05-000R22725 with UT-Battelle, LLC, and

tions over various 10Gbps connections of lengths up Ry Department of Defense.

8600 miles using off-the-shelf systems. Such profiling
is a first step towards assessing the performance of
high-performance applications in that their throughput%
will be upper-bounded by the profiled measurementgs3]
Our results illustrate the complexity of deploying these
technologies and the need for optimizations in realiz-
ing and sustaining such end-to-end throughputs. Thg]
comparative performance between these two approaches
leads to multi-faceted trade-offs. For data transportgjsin[s]
a single large flow and the rest of flows aggregated
to 1 Gbps rate, IB solution is better suited. On the
other hand, for multiple competing flows on Wide-area[e]
connection, 10GigE solution is better, particularly at
shorter distances. Y
Our performance profiling results are primarily tar- (8]
geted towards data transport and do not necessarily re-
flect the performance of more complex applications, for9
example, MPI-based computation distributed across two
remote supercomputers or a high-performance file sys-
tem mounted across a wide-area connection. In genef&?]
latency-sensitive applications may have to be suitabllyll
enhanced to account for the larger RTT of wide-area
connections. For example, additional adaptations anld
tuning would be required to achieve high file transfe[ES]
rates for the configurations presented in this paper, and]
it would be of interest to examine the measurementls,S]
from the corresponding file system benchmarks. It Wou{qel
also be of interest to select benchmark applications
involving real-time tasks such as instrument control,
computational steering and visualization, and generat_tLe;]
their distance- and stability-profiles. Finally, it would
be of future interest to connect supercomputers, stora&g
and files systems over multiple IBOWA connections
and generate the performance profiles for various data]
transfer applications. [20]
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