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Abstract
Various full bisection designs have been proposed for datacenter networks. They are provisioned for the worst case
in which every server sends flat out and there is no congestion anywhere in the network. However, these topologies are prone to considerable underutilisation in the average case encountered in practice. To utilise spare capacity we propose GRIN, a simple, cheap and easily deployable solution that simply wires up any free ports datacenter servers may have. GRIN allows each server to
use up to a maximum amount of bandwidth dependent on
the number of available ports and the distribution of idle
uplinks in the network. Our evaluation found significant
benefits for bandwidth-hungry applications running over
our testbed, as well as on 1000 EC2 instances. GRIN can
be used to augment any existing datacenter network, with
a small initial effort and no additional maintenance costs.
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Introduction

In this paper we set out to make datacenter networks
better at resource pooling, which would increase their
average utilisation and provide better performance per
dollar. The obvious solution is to use bigger links between servers and Top-of-Rack switches: in a 10Gbps
full-bisection network this means either 40Gbps links or
using multiple 10Gbps links (i.e. multihoming). This
technique improves performance: when few servers are
sending data, they can send many times faster. Unfortunately, it is also very expensive: 40Gbps links are not
commodity yet and switches supporting them have small
port densities. Multihoming seems more viable economically, but even dual-homing requires doubling the number
of ToR switches in the network.
We propose GRIN, a simple change to existing datacenter networks where any free port existing in any server
is connected to a free port of another server in the same or
a neighboring rack. Servers can then communicate using
a path provided by the original topology, or via one of the
servers they are directly connected to. GRIN can function
seamlessly over existing datacenter networks, and the best
case benefits are obvious: for every additional port used,
a server can send 1 or 10 Gbps more traffic if the neighbour’s uplink is idle. As modern NICs are often dual or
quad-ports, these additional interfaces should be already
available in most servers on the market. 2
We tested our GRIN implementation with various
workloads and applications, using both a small local cluster and on 1000 EC2 hosts. GRIN can significantly
increase end-to-end application performance; a 2-port
GRIN setup speeds up HDFS, NFS, Spark and Cassandra
by a factor of two or more in certain scenarios. While unmodified applications can benefit from GRIN, these gains
depend on the traffic pattern of the neighbouring servers.
Many datacenter apps run on multiple nodes, and scheduling work across these is already an important component
for performance. We have modified a few such apps to
be GRIN-aware when taking their scheduling decisions
(namely HDFS, Hadoop and Spark [25]). By jointly optimising addressing, routing and applications, GRIN can
achieve performance similar to multihoming.

Datacenter networks are provisioned for peak load, as operators want performance guarantees even when the network is highly utilised. At the extreme, operators provision their network to fully support any possible traffic pattern: the network core is guaranteed never to become a bottleneck, regardless of the traffic patterns generated by the servers; such networks are said to provide
full-bisection bandwidth. FatTree [3] and VL2 [9] are
full-bisection datacenter topologies deployed in production networks. A high profile example is Amazon’s EC2
cloud that was using a topology resembling VL2 for their
regular instances until recently (see Section 2 in [18]), and
are now deploying 10Gbps FatTrees.1
Measurement studies show that datacenter networks are
underutilised: the traffic has on-off patterns leading many
links to run hot for certain periods of time, while even
more links are idle, leaving the network core underutilised
most of the time [9, 13, 6]. Datacenters heavily rely on the
concept of resource pooling: different applications’ workloads are multiplexed onto the hardware, and any application can in principle expand to utilise as many resources as
it needs as long as there is any available capacity left. Re- 2 Problem Statement
source pooling does not apply to datacenter networks: al- To understand why full-bisection networks are underthough the core is underutilised, hosts cannot take advan- utilised most of the time, we measure the network utilitage because they are often bottlenecked by their NICs.
1 Private

conversation with Amazon engineers.

2 Our brief survey shows most adapters on the market are dual and
quad port, and price per port decreases significantly for multi-port NICs.

minimal disruption. This implies hardware or software changes to the network core (including routing algorithms) are out-of-scope. Further, upgrading
only a subnet should bring appropriate benefits.
Barring extensive changes to the original topology, the
most straightforward solution is to multihome servers by
using additional TOR switches. We add a TOR switch
for every additional server port (see Fig.2b), so that each
server is connected to each of the multiple TOR switches
from its rack. In order to keep the rest of the topology
unchanged, we evenly divide the uplinks of the original
TOR switch between all the local TOR switches. The resulting topology is oversubscribed, but now each server
can potentially use much more bandwidth. Multihoming
brings additional costs in terms of switching equipment,
rack-space, energy usage and maintenance. As every additional server port could require an extra switch, this solution does not scale well with the number of server ports.

Figure 1: Network utilisation of a simple Map/Reduce job
sation of a small cluster of ten servers connected to nonblocking switch and running a map-reduce job, a typical
datacenter application [8]. The servers run Hadoop wordcount over a collection of web pages (50GB) they store
at replication level 3, and we plot the individual network
throughput measured for each server in Figure 2.
In the map phase, there will be a small percentage of
tasks whose data is non-local ([26] estimates 1%-10%),
thus requiring filesystem reads from other servers, which
will be bottlenecked by the host NIC capacities, assuming appropriate storage provisioning. The shuffle phase
will move the data generated by the mappers to the reducers. The shuffle phase is notoriously bandwidth hungry, but this depends on the number of reducers. In the
worst case, all servers are reducers and download data at
the same time, leading to an all-to-all traffic pattern that
fully utilises the network core—in fact, this is the main
motivation given for building full-bisection networks [3].
In practice, the number of reducers is an order of magnitude smaller then the number of mappers, and the shuffle
phase starts earlier for some servers, thus the core network
utilisation will be a lot smaller; still, some reducers will
be bottlenecked by their servers’ NIC. Finally, the output
of the reduce phase is written to disk leading to point-topoint transfers, again bottlenecked by the host NIC.
We want to change existing topologies to allow hosts to
utilise as much of the idle parts of the network as possible
when other hosts are not active (in the map or output phase
of the job above, for example). Good solutions share the
following properties:
• Ability to scale: cost is a major factor that determines what is feasible to deploy in practice. Using
more server ports should increase performance and
incur little to no additional costs.
• Fairness and isolation: access to neighbour links
must be mediated such that each server gets a fair
share of the total bandwidth. Misbehaving servers
should be penalized, and they should not adversely
affect the performance of the network.
• Widely applicable: it should be possible to apply
the solution to existing or future networks.
• Incrementally deployable: it should be possible to
deploy the solutions on live datacenter networks with
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GRIN

Our solution is to interconnect servers directly using additional ports (some of which are already installed, and
effectively free), while keeping the original topology unchanged. Each pair of servers that are directly connected
in this manner become neighbours. Intuitively, when a
server does not need to use its main network interface, it
may allow one or more of its neighbours to “borrow” it,
by forwarding packets received from them (or packets addressed to them) to their final destination. This solution is
depicted in Figure 2c and we call it GRIN.
When a server wishes to transmit, it can use both its
uplink and the links leading to its neighbours. Conversely,
the destination can be reached through both its uplink and
via its neighbours. We call the links used to interconnect
servers, horizontal (or GRIN) links, and reserve the term
uplinks for those that connect servers to the switch in the
original topology. The network interface where the uplink
is connected becomes the primary interface of the server,
while the others are considered to be secondary interfaces.
If every server has n GRIN neighbours, we say that the
degree of the GRIN topology is equal to n.
Cabling. The baseline GRIN implementation relies on
servers being interconnected within the same rack. This is
the cheapest solution, and should work at even the highest link speeds. From a performance point of view, it is
best to connect those servers that usually do not need to
access the network at the same time, otherwise interconnection will not bring major gains beyond improving local
throughput. Traditionally, distributed applications tend to
localize traffic within racks or pods (multiple racks) because inter-pod bandwidth used to be scarce. In such cases
2
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Figure 2: Enhancing a VL2 topology to improve network utilisation
and when nearby servers run the same distributed application, we can enhance the application’s scheduler to become GRIN aware (see §3.4). Whenever possible, we can
also connect servers from neighbouring racks. Cross-rack
cabling is more complex to wire but ensures better fault
tolerance to ToR switch failures.

interfaces. We term these secondary addresses.
• Techniques to enable servers to discover secondary
addresses of other servers, so that they can use them
to send traffic.
• Ability to efficiently route traffic to secondary addresses via the appropriate neighbour.
• Ability to create paths spanning multiple horizontal
GRIN links.
• A mechanism to spread traffic over the multiple paths

Path Length. Most datacenter topologies have multiple
equal cost paths between servers. With GRIN, the set of
paths can grow to include elements consisting of increasingly large number of hops. When choosing a path between two random servers, we can select (1) one of the
paths available in the original topology, (2) a path that
consists entirely of GRIN links, and (3) any number of
intermediate servers, and form a path using the concatenation of all intermediate paths.
A compromise must be found between limiting path
length and trying to make the most of the available network capacity. One limitation is the fact that any path
should traverse at most two uplinks: once in the fullbisection bandwidth network core, there is no reason for
traffic to be bounced via another “waypoint” server. Thus,
in a GRIN topology a path consists of three segments:
• the first horizontal segment, which is a group of
horizontal links going from the source to the server
whose uplink is used to reach the first switch
• the path taken from the first to the second uplink
through the original network core
• the second horizontal segment, which also consists
of a number of GRIN links and goes from the second
uplink to the destination server
A horizontal segment can also be empty; for example,
any path that was also available in the original topology
does not include any horizontal links. We use the term
horizontaln routing (or hn routing) to describe the fact
that in a given GRIN topology we are only interested in
paths which have horizontal segments of length at most n;
by this definition, the original topology uses h0 routing.

Designing all these seems simple at first sight, and
a strawman solution is the following. First, assign
datacenter-unique addresses to secondary interfaces in a
different subnet from the uplinks to allow servers to distinguish primary and secondary addresses. To enable discovery of secondary addresses, simply use DNS, assuming it is already deployed in the datacenter: register a new
”A” record for every secondary interface of server s in the
DNS entry for s. Servers discover secondary interfaces by
running a DNS lookup.
Routing traffic to a secondary address via a neighbour
is trickier. The routing system needs to be informed of
the neighbours reachable via a server, and the straightforward solution is to run the datacenter routing protocol (e.g. OSPF) all the way down to the servers, and
have neighbour addresses announced in the routing system. This solution is unwieldy: link-state protocols such
as OSPF do not scale well beyond a few thousand routers,
and pushing servers into OSPF breaks this boundary. Secondly, we need to significantly reconfigure the datacenter
routing protocol. Even assuming the routing system can
be upgraded, we still have the problem of routing via multiple horizontal links. For this to work, the source must
be able to specify a list of intermediary addresses for the
packet, and the simplest solution is to use loose source
routing. LSR support exists in most operating systems,
but it raises performance problems: it does not work well
with hardware offloading on some NICs, and LSR packets
could even find themselves on the slow path of routers.

One last mechanism is needed to spread traffic over the
available paths. As TCP is the de-facto standard transFor GRIN to work, it needs five key components:
port protocol in datacenter, the straightforward solution is
• An algorithm to assign addresses to horizontal GRIN to pin each connection to one path (i.e. round robin), but

3.1

A strawman design
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there is a danger than a neighbour link is highly congested.
In such cases we should move traffic back to the uplink
quickly, which is easier said than done—to ensure proper
routing we need to change the addresses in the packets
which will break the TCP connection. To solve this problem we need to either change the host stack (add some sort
of mobility support) or modify the applications.
Towards a solution. The main conclusion arising from
the strawman solution above is that dealing with the subproblems in isolation is inefficient because one solution
affects many others. For instance, independent addressing
forces us to use unscalable routing schemes, and neighbour discovery mechanisms might be redundant if we
have a mobility solution in the host stack.
That is why we take a holistic approach to designing these mechanisms, co-optimising them to enable a
cheaper and easier to deploy solution. Our first insight
is that we could avoid source routing if we limit ourselves
to one horizontal hop after the source and one before the
destination (h1 routing). In a h1 network, the sender can
steer outgoing traffic over either the uplink or GRIN links
by simply placing them on the appropriate interface. To
route via a neighbour of the destination we leverage our
addressing scheme (described below). On the other hand,
h1 routing appears to have the least potential of actually
using spare network capacity. How much of an improvement, if any, can be achieved by increasing the length of
horizontal segments? The results of our evaluation in section 5.1, show that h1 routing utilises most of the capacity,
while being the cheapest from a forwarding point-of-view.
That is why we focus on h1 routing alone in our solution.
The two main building blocks of GRIN, described next,
are an addressing scheme that works without changes to
the routing system, and using Multipath TCP to efficiently
utilise network capacity.
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Figure 3: Grin Address Assignment Algorithm
neighbours s has connected with already; ns is zero when
we start the address assignment algorithm. To connect
server t to server s, the address of the secondary interface
is grint,s and has the following structure:
I(grint,s ) = I(ups )

G(grint,s ) = 1 + ns

Given a secondary address, we can infer the primary
address of its neighbour by merely substituting the least
significant byte with 1. This scheme also provides an
easy way to differentiate between multiple secondary interfaces connected to same neighbour s, because ns will
increase after each subsequent interconnection.
Consider the example in Figure 3, where there are
two additional network ports available on each server.
Initially we choose to connect servers A and B. Since
upA = 10.0.1.1 and upB = 10.0.2.1, we will assign the
address 10.0.2.2 to grinA,B and 10.0.1.2 to grinB,A (because both nA and nB are 0 initially). Now nA = 1, and
nC = 0, so if we interconnect servers A and C grinA,C
will be 10.0.3.2, and grinC,A will be 10.0.1.3.
Routing is greatly simplified with this addressing
scheme: a simple router configuration change should be
enough for most networks to be adapted to GRIN. In fact,
many networks already assign subnets instead of individual addresses to servers, to support direct addressing for
virtual machines running on them. Finally, the servers
will need to be configured to forward traffic they receive
for their neighbours. Our addressing scheme sacrifices
3.2 GRIN addressing
8 bits for the GRIN identifier, supporting 254 horizontal
To solve the routing system scalability issues, we relate links. The remaining 24 bits can uniquely identify up to
the assignment of secondary addresses with the addresses 16 million servers. Fewer bits can be used for GRIN links
of the uplinks, as follows. All network addresses addr are (e.g. 4) to support a larger number of servers.
split into two meaningful groups of bits: the most significant 24 bits are the server identifier, I(addr), which must
3.3 Packet Forwarding
be unique in the datacenter. The last 8 bits represent the
GRIN identifier G(addr), which is set to 1 for primary To implement GRIN we can reuse forwarding support
interfaces and larger values for secondary interfaces.
provided by modern OSes. Linux, for instance, peaks at a
The address of a secondary interface has the same iden- rate of about 570Kpps in our tests. This is good enough
tifier as the address of the primary interface of the neigh- for gigabit links, or even at 10 Gbps with jumbo frames,
bour it connects to; the only difference is the GRIN iden- but cannot really keep up as NICs become faster.
Can we do better? When processing packets for
tifier. Formally, for any server s, let ups be the address
used by its primary interface and ns be the number of its GRIN neighbours, a server is fulfilling three main
4
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Figure 4: Simple GRIN1 Setup
functions: identification of packets intended for another
server, rewriting some header fields and forwarding the
result. For packet identification, we can leverage hardware filtering capabilities present in modern NICs which
allow packets to be received on different queues based on
various discriminants, such as destination address. With
IP forwarding, each server must write at least the MAC
source and destination addresses in the packet. As no
hardware support exists for IP forwarding in commodity
NICs, this operation must be performed in software.
In theory, GRIN allows us to avoid this extra work by
using bridging instead of forwarding. In this context,
bridging means simply passing a packet from one interface to another, without doing any kind of software processing on it. The origin server knows the MAC address
of the next IP hop for a packet. In an L2 network this
is the primary interface of the destination (if the packet
is heading for a primary address) or the primary interface
of one of the destination’s neighbours. For a L3 network,
the next hop is the designated first router. In both cases,
we use ARP to find the proper MAC address, as the IP
address is already known (directly from the packet for L2
and by configuration for L3).
This concept is presented in Figure 4: servers A and
B are neighbours, and the default gateway for B’s uplink
traffic is router R. When A sends a packet to C, with basic
forwarding the packet will have the destination IP address
Dip (p) = c1 and destination MAC address Dmac (p) =
mac(b2 ). The latter will change over the following hops,
first to mac(r1 ) and, eventually, mac(c1 ). With bridging,
the packet leaves A with Dip (p) = c1 and Dmac (p) =
mac(r1 ); it can find mac(r1 ) by sending an ARP request.
B can simply pass the packet to the uplink upon reception;
the original contents are enough to steer it toward C, since
the router knows how to reach c1 .
If p is sent to a secondary interface of C, for example
c2 , that is connected to a server D, then there is one more
significant step to be mentioned. The packet will leave
A, and reach R as in the previous case. The routers are
configured to send packets with secondary destination addresses to the appropriate neighbour (D for c2 , in this example). Once p reaches server D, it can be placed directly
on the link which is connected to c2 , based on the destination IP address. As C receives p, it will have to ignore the

3.4

Efficiently using GRIN Topologies

TCP binds a connection to a single NIC, so several parallel TCP connections are needed to utilise the GRIN links
available via neighbours. However, according to measurements there are few large (“elephant”) flows at any time
on a given server [9]; simply adding more NICs should
not bring significant performance benefits for most applications over regular TCP. Changing every application to
spread data over multiple TCP connections is not feasible: such changes are complex, and there is too much to
be changed.
GRIN enables unmodified apps to opportunistically
increase their network performance by using Multipath
TCP [19]. MPTCP allows a transport connection to grow
beyond one NIC (the uplink) and effectively utilise the
neighbours’ spare capacity. MPTCP also provides dynamic load-balancing across paths: when a path is congested (e.g. via a neighbour) traffic will be automatically
shifted to less congested paths [24]. While MPTCP is just
one of many possible multi-path forwarding designs, we
consider it an ideal enabler for a lightweight implementation, that does not warrant any changes to user applications or the network itself (beyond horizontal links).
Path selection algorithm. Let’s see how MPTCP works
over a GRIN network. In the example from Fig. 3, assume
the only GRIN links are those shown, and that server B
wants to send data to server C. The connection begins like
regular TCP between the primary interfaces of the two
servers. After the initial handshake is complete, server
B will be notified via the MPTCP address advertisement
5

mechanism of any additional addresses it can use to contact server C—this mechanism enables neighbour discovery without needing DNS at all.
The set of additional addresses for server C will consist of only one element, 10.0.1.3. Server B will then
attempt to establish a full mesh of subflows between its
own addresses (both primary and secondary) and those
just received. Thus, we can rely on MPTCP to deal with
path selection, and only add small tweaks to the process,
as mentioned in Section 4. How soon should we use
the additional paths? The easiest answer is to setup additional subflows as soon as address advertisment completes, but this might not always be desirable, especially
for short flows—sending few packets over a different subflow raises the probability of a timeout, in case one of the
packets gets lost. To protect small flows our implementation uses a configurable threshold, sending all bytes below
that via the uplink (100KB for a 1Gbps network); MPTCP
will use the other subflows thereafter.

3.5

minor changes to the MPTCP kernel in order to improve
performance and prevent some unwanted interactions.
The GRIN addressing scheme allows us to use any routing mechanism that was already in place in the original
topology, as long as the original addresses can be adapted
to the new structure. The assignment itself relies on preexisting mechanisms, e.g. DHCP.
To automatically configure secondary interfaces, we
have implemented a simple server that runs on every computer. It only serves requests that arrive on GRIN interfaces, and its primary functionality is the dissemination
of proper secondary addresses to neighbours. After the
endpoints of a horizontal link exchange addresses in this
manner, each server also adds the required information to
the local routing tables. There are two such entries needed
per neighbour: one to designate it as the default gateway
for all traffic leaving that particular secondary interface,
and another to state that the address of the remote endpoint is reachable via the same interface. Additionally, we
use Proxy ARP to make servers reply to ARP requests for
their neighbours’ secondary interfaces, while also making
them ignore queries for their own such interfaces.
The first change we made to the MPTCP kernel is related to subflow initiation. Establishing a full mesh, especially for higher GRIN degrees, would setup a very large
number of subflows, which is often undesirable. The default behavior for GRIN is to establish the smallest number of subflows such that every horizontal link is used
at least once. Thus, in a GRIN topology with degree n,
MPTCP will establish n additional subflows. There is
also the option of specifying a certain number of subflows,
which are going to be selected at random in a manner consistent with the goals of the default behaviour. Another
modification was to adjust the MPTCP subflow selection
process, which decides what subflow to use when sending each particular packet. In most situations, we want to
send data using the direct subflow whenever its congestion window allows it. MPTCP selects the subflow with
the smallest RTT when multiple subflows could send a
packet, but the RTT estimation alone is noisy and might
sent packets on horizontal links even when the uplink is
idle. That is why we added bias in favor of the direct
connection: the estimated RTT of the uplink is halved for
comparison purposes.

GRIN-aware applications

A downside of opportunistic usage is the probability than
two neighbours will be using their uplinks at the same
time; the busier the network is, the higher this probability.
However, most datacenter applications have centralized
schedulers that decide how to partition the work across
the many workers in the system. We can gain performance
comparable to multihoming solutions without the associated costs if we modify application schedulers to take into
account GRIN links. We have implemented such optimisations for Hadoop, HDFS and Spark [25].
Scatter-gather applications (such as web search) open
multiple TCP connections from a frontend server to multiple backend servers. They are bottlenecked by the frontend server’s NIC, and susceptible to the “incast” problem [22]. Scatter-gather apps can be easily optimised for
GRIN: they just should disable MPTCP and “pin” different TCP flows onto the different available paths for
best performance. We have optimised a synthetic scattergather frontend server to spread its connections evenly
across the GRIN neighbours, thus increasing the total
buffer size available to the frontend. We present experimental results for GRIN-aware applications in § 5.6.

Bridged implementation. We have also implemented the
prototype of a bridged GRIN1 topology that uses netmap
4 Implementation
[20] as a stand-in for the missing hardware functionality.
Outgoing packets that are heading to a primary interface
The GRIN implementation works with a MPTCP-enabled receive no special treatment. For all others, we make sure
Linux kernel and mainly deals with address assignment that the MAC destination address field contains the L2
to secondary interfaces in user-space. We have also made address of the proper gateway. For both primary and sec6

we can do with the corresponding hn strategy. Due to
computational complexity, our network model consisted
of six twenty server racks. We run experiments varying the GRIN degree, the maximum number of horizontal
hops (h1 , h2 and no limit), and the traffic pattern:
• permutation traffic: each active server sends data to a
single destination, and each destination receives data
from a single source.
• group traffic: servers are randomly assigned to
groups such that every group contains the same number of servers. One server is randomly chosen from
each group as the destination for the other group
members.
• all-to-all traffic: each active server sends data to every other active server.
• random traffic: the endpoints of every connection are
chosen at random.
The results show the total flow is proportional to both
the number of active connections and the GRIN degree.
There are also two interesting observations. First, the difference between h1 and the optimal solution is modest:
at most 32% for GRIN6 and permutation traffic. On average, across all experiments, the difference between h1
and optimal is just 7%. Also, the difference between the
optimal solution and h2 is seldom more than 1%.
Unfortunately, optimal placement of flows to paths is
impossible to achieve, so it’s quite hard to form an expectation of real-world behavior based on these results. Any
MPTCP connection will only use a limited number subflows in order to prevent performance degradation [24].
Also, it’s not usually possible to make informed decisions
about flow placement in real time; instead flows are spread
over multiple random paths and congestion control balances traffic to get the most out of the network.
To capture these effects, we devised another performance estimation procedure: for a given network and traffic matrix, we start by building the complete set of paths
between any source and destination. The length of a path
is defined as the number of horizontal segments it contains, with one exception: if a path is made of a single
horizontal segment, then its length is zero. The shortest
path that goes through the switch is called the direct path.
For each connection, we randomly select up to 16 paths
(a relatively large number) without replacement and add
them to the chosen path set; the direct path is always included. We try to assign the largest possible flow to each
element of this set, in ascending order of length. This is
done by finding the path segment with the least amount of
available capacity, and then using that value to fill the entire path. We applied this method to the same input data as
before. We also considered h3 routing, as without optimal

ondary NICs, we use ethtool to enable ntuple filtering and
add filters that make sure any packet destined for the local
server arrives on rx queue 0, while all others are received
on queue 1. Finally, the netmap bridge ensures that packets received on queue 0 of each NIC are sent to the host
TCP stack and packets coming from the host stack are sent
using tx queue 0. Also, packets received on rx queue 1 of
any interface are simply sent to tx queue 1 of the other interface. This could easily be extended to work with higher
GRIN degrees by using an additional rx/tx pair of queues
for each secondary interface added.
For the setup in Figure 4, when a packet p going from
a2 to c1 reaches B, it will be placed in rx queue 1, because Dip (p) 6= ip(b2 ), the netmap bridge will transfer
it to tx queue 1 of b1 . The switch will direct the packet
towards r1 , based on the destination MAC address, and
from R it will make its way to the destination. We used the
routing implementation in our evaluation because netmap
does not support hardware offload when exchanging packets with the Linux TCP stack, affecting performance.

5

Evaluation

This section starts with an analysis of the effect hn routing can have on GRIN’s ability to utilise spare capacity—
the result led us to choose h1 routing and build our solution around it. We continue by evaluating the performance
benefits of GRIN, both in synthetic scenarios and for real
applications. We also include an assessment of the potential negative impact that GRIN may have in terms of
fairness, latency and forwarding overhead. This can be
especially important for opportunistic usage.

5.1

How many horizontal hops are needed?

The advantages of h1 routing in terms of reduced complexity are obvious, but is there anything we lose by using
it? We intend to find out if there is any correlation between the maximum allowed path length and the amount
of capacity that can be discovered. We model a GRIN
topology as racks of computers connected to a single, sufficiently large switch. The computers are interconnected
using a variable number of GRIN links (1 to 6), and the
entire setup is represented as a directed graph.
We are interested in the maximum network capacity
that can be utilised in each case. Given a set of sourcedestination pairs , we use GLPK [1] to solve the maximum
multi-commodity flow problem which gives the optimal
solution and is a hard upper bound on usable capacity. We
also solve a couple of specializations to MCF in which we
restrict the number of horizontal hops to emulate the best
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55/65
41/39
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114/136
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131/153
95/93
135/159
105/103
137/169
112/110
140/170
118/117

evaluation. Gigabit links to servers are still in wide use
today, and GRIN can offer an immediate and much needed
increase in performance for deployed networks assuming
extra server ports are available. Our ten gigabit tests aim
to establish is GRIN is also applicable to newer networks
that use 10Gbps links to the servers.
The small size of the testbed prevented us from building a useful multihomed setup; even if the bandwidth constraints could be enforced, we could only have at most two
racks of five servers each which would allow communication at double speed with half of the servers in the testbed.
An upper bound is provided instead by simply doubling
the results obtained in the original setup.
We also deployed a larger GRIN1 topology on 1000
Amazon EC2 c3.large instances that allows us get an impression of our solution’s scalability in practice. The instances ran in an Amazon VPC (Virtual Private Cloud),
which offers the illusion of an L2 network, with small
adjustments to the implementation as proxy ARP did not
work in this setting. When dealing with L2 address resolution for secondary interfaces in the kernel, we instead
issue an ARP request for the primary address of the corresponding neighbour (which can be easily computed based
on the GRIN addressing scheme).
By default, each instance comes with one ENI (elastic network interface), but more (up to three for c3.large)
can be added. The first is used for management purposes,
the second is the considered the uplink, and the last plays
the role of secondary interface. However, unlike regular
NICs, all these share the same physical link. We employ
dummynet [7] to add bandwidth limitations adding up to
less than the maximum available for a single instance, in
order to achieve virtual separation. The limit for each interface is set to 100Mbps. At higher speeds, our dummynet configuration led to erratic behaviour.
Finally, to understand the basic properties of GRIN
across a wider range of parameters than feasible in practice, we used simulation in htsim, a scalable packet level
simulator. This has the advantage of giving very precise
results and allows us to study reasonably large networks,
but doesn’t account for factors outside of the transport
protocol itself and cannot be used to evaluate applications.
Our simulations were based on the same 120 server topology described in the previous section. Increasing network
sizes up to tenfold provides qualitatively similar results,
however it takes substantially longer to run.
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Figure 5: Hop Analysis Results for Permutation Traffic
placement, h2 may no longer be sufficient.
The results are surprising: h1 provides better results in
most experiments, and the increase is larger as the GRIN
degree increases. This behaviour reflects the fact that
h2 and h3 routing increase contention on horizontal links
which leads to more collisions. In the MCF analysis, this
effect was offset by the very large number of paths used
and exhaustive search used by h2 and h3 .
Fig. 5 shows detailed evaluation results for permutation
traffic. The leftmost column represents the percentage of
active servers from each experiment. The first row of each
cell shows the maximum flow for h1 and h2 , respectively,
as computed by MCF. The second row has values obtained
using our alternative evaluation procedure (h1 / h2 ). We
focus on permutation traffic as it exhibits the largest differences in both cases (worst relative behaviour for h1 ).
The maximum flow is not included because it is very
well approximated by h2 . Note that the total flow values
can be larger than 120 (the total number of uplinks) because some connections can be established over entirely
horizontal paths. The largest differences between h1 and
h2 on the first row appear for GRIN degrees unlikely to be
encountered in practice. On the second, there are only a
few instances where h2 is marginally better. We conclude
that h1 is the best solution given our constraints.
For other traffic patterns, the differences between h2
and h1 are smaller than with MCF, and h1 gives better
performance when measured with our alternative method.

5.2

Experimental setup

We deployed our implementation on a small local cluster of ten servers directly connected to a switch to examine real-world application performance. Each server has a
Xeon E5645 processor, 16 GB of RAM, a quad-port gigabit NIC (one port is used for management) and a dual-port 5.3 Basic performance
10Gbps NIC. In our testbed, we can build 1Gbps GRIN1 To understand how GRIN works in practice, we begin our
and GRIN2 topologies and a 10Gbps GRIN1 topology.
tests with synthetic traffic patterns that we can easily reaWe use both gigabit and ten gigabit networks in our son about. We use the same patterns described our hop8
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Figure 6: GRIN improves performance by 50% to 150% for Random traffic.
count evaluation, namely permutation, random, group and
all-to-all, and run the experiments in both simulation, on
Amazon EC2 on 1000 servers and on our local testbed
with gigabit and 10 gigabit networks. In all cases we run
the baseline and GRIN1. In simulation we also run multihoming, and GRIN3, which we view as an upper bound
of the number of ports that GRIN may use in practice.
In Figure 6 we present the results for random traffic as
we vary the percent of active servers from 10% to 70%.
One thing to keep in mind is that, due to the small size
of our local testbed, connections between neighbours will
happen more often, and the results will appear better overall. Finally, to allow easy comparison between graphs, we
normalize the resulting throughput measurements to that
of the original topology (941Mbps for the 1Gbps network,
9960Mbps for 10Gbps and 100Mbps for EC2).
The results show that, as expected, lower percentages
of active servers lead to significantly better results for
GRIN topologies. Performance improvements are smaller
as more servers become active, GRIN2 and GRIN3 performance is better than multihoming until 40% of servers
are active, and match it after that.
Note that the simulation results are matched very well
by EC2 results and are qualitatively similar to the testbed
results, giving us confidence in our evaluation. The EC2
results underline the scalability of our solution: a real-life
deployment of GRIN1 can smoothly run on 1000 servers.
Running GRIN at 10Gbps is also worthwhile, doubling
the throughput when few servers are active. The results
for permutation traffic are similar; the interested reader
can refer to [2] for details.
We next turn to all-to-all traffic, a pattern mimicking
the shuffle phase of map-reduce. When running this experiment on EC2 we ensure that no server initiates or
receives more than 20 concurrent connections to reduce
the effects of incast. The results in Figure 7 show that
every additional port used with GRIN brings close to
100% performance improvement when few hosts are active. Multihoming is almost always dominated by GRIN2
and GRIN3, however it outperforms GRIN1. As ex-

pected, the testbed results are better. The EC2 results accurately track those obtained in simulation.
Finally, the group connection matrix simulates scattergather communication. This is the most favorable situation for GRIN topologies, because the large number of
sources will fill every link of the receiving server. The results are consistent across both simulation and actual implementation: we get close to the optimal throughput.
Short flows. We also wanted to find out when GRIN starts
to offer benefits if we have fixed-size transfers, assuming
there is no contention anywhere in the network. We ran a
series of tests using a simple client-server program which
requests and then receives a certain number of bytes. The
results for the 1Gbps network are shown in Figure 8, and
reveal that we need to transmit data on the order hundreds
of kilobytes before any sizeable gain becomes apparent
for a single connection. That is why we have set the multipath threshold to 100KB in our implementation for this
scenario. Also, for smaller transfers (between 15-75K),
GRIN may add at most 200µs to the completion time.
This issue is caused by the way data is distributed among
subflows. At 10Gbps, the threshold increases to 20MB.

5.4

Opportunistic Usage

GRIN can be used opportunistically by simply deploying
it and running applications. We deployed a number of
real-world applications on a 1Gbps network, where GRIN
can have an immediate impact.
The first application is an NFS [16] server. Our goal
was to measure the time it took to read every file from an
exported directory. We varied the filesize from one experiment to another, while ensuring their aggregate size was
2GB. As can be seen in Figure 9, throughput improvement
is directly proportional to filesize. After a certain point,
each file is large enough to make the request overhead almost negligible in relation to the actual transfer duration.
Another application we considered is HDFS[21]. This
is a natural choice for any GRIN setup because it involves
handling large amounts of data, so we potentially have
a lot to gain in terms of performance. One server was
9
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Figure 7: GRIN improves performance by 80% to 250% in the All-to-all traffic pattern.
used to host the NameNode, 8 were running DataNodes,
and the last one acted as a client. We measured the time
needed to transfer a 4GB file from HDFS to local storage. With GRIN1 we got the best possible result, as the
file transfered almost twice as fast. The switch to GRIN2
however, did not bring the threefold increase in speed we
were hoping for. This was apparently caused by the java
process becoming CPU bound. When we requested two
transfers in parallel, each process ran on a different core
and every network interface was fully utilised.
Next, we wanted to see if GRIN can bring any benefits to virtual machine migration. We installed the Xen
Hypervisor[5] version 4.2 on several servers running our
modified version of the MPTCP kernel. The virtual machine created for the experiments had 4GB of RAM, and
its disk image was shared by an network block device
server. The metric used during each test was the time
required to migrate the VM to another server. Our first
attempts, using the xl toolstack, met with failure because
it uses ssh to send migration data, which incurs a hefty
overhead, so the network is no longer a bottleneck. We
got the best results by switching to xm, which uses plain
TCP. In this case, using GRIN1 increased migration speed
by around 60%, while GRIN2 doubled it.
The last application in our 1Gbps test suite was Apache
Cassandra[14]. We started a Cassandra cluster consisting
of 9 servers, while the last one acted as client. Our goal
was to use the Cassandra-stress tool to measure the time
required to write a constant amount of data in different circumstances. We used the default values for most parameter, only changing the number of columns to 10, and then
varying the size of each column and the numbers of keys
inserted such that the total transfer size was around 2GB.
The relation between column size and request completion
time is presented in Figure 10. Somewhat unsurprisingly,
the way parameters combine o determine the amount of
data per row is what matters most in terms of performance. The operations complete much more quickly for
a smaller number of larger rows. Increasing the number
of columns while decreasing the number of rows will also
lead to better results, but not to the same extent as using

larger rather than more columns.
10Gbps networks. Regular applications don’t scale
nearly as well as the iperf experiments do at 10Gbps, even
with jumbo frames and hardware offload functionality enabled. Thus, we focused on a few apps have high bandwidth requirements and are fast enough to take advantage
from it: the NFS, HDFS and Spark [25].
With NFS, the server hosts a single 12 GB file which
can be transfered by one client in around 10 seconds with
GRIN disabled, and a little less than that with one secondary interface enabled. GRIN does not help because
the client is CPU-bound. If two clients attempt to transfer the same file simultaneously over a GRIN1 network,
they both finish in around 10.5 seconds, implying that the
server was able to fully utilise both its 10Gbps interfaces.
We used a variable number of Spark workers, connected to a single-node DFS deployment, to count the occurrences of a string in the same 12GB file. At first, GRIN
is disabled. A single worker completes the task in 14.5
seconds on average. We need two workers to reduce to
time to 10.5 seconds, which is very close to the duration
of the data transfer, so we can consider the computation to
be finally network-bound. With GRIN1 enabled for both
workers, the completion time drops to 7.5 seconds. By
starting a third one we can improve this result to around
5.5 seconds, and Spark is now network-limited.

5.5

Perils of Opportunistic GRIN Usage

There are a number of issues that may be caused by the
transition to a GRIN topology. The additional flows may
increase buffer pressure and overall latency, while servers
could find themselves competing with neighbours for their
own uplinks. Our main goal in this regard is to do no
worse than the original topology. To deal with these
two issues we employ a simple priority scheme, based on
DSCP. Each direct flow receives a high-priority codepoint
(such as EF), while secondary flows retain the default low
value. We rely on iperf to test the fair use of uplinks,
and on a simple client-server program to measure the latency of small transfers. GRIN specific contention may
happen in two distinct situations: server-local when mul-
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tiple flows use the uplink and at the switch, on the egress
port leading to a particular server. In order to honor DSCP
markings locally, servers use a priority-aware queuing discipline, such as PRIO in Linux. Our experiments show
that a single, high-priority flow is able to fully utilise the
uplink, regardless of the presence of low priority flows.
An idle 10Gbps link takes 100µs on average to transfer
1KB, and 140µs for 100KB with TCP. When competing
with several running iperf connections without priorities,
the transfer time increases to around 1.8ms in both situations. With the PRIO qdisc, it decreases to 350µs for
1KB and 400µs for 100K. On the downlink, the transfer
time grows in both cases to around 2.4ms without priority.
If we add priority and configure the switch to discriminate based on DSCP marking, the latency drops to around
110µs and 160µs, respectively.
Does enabling GRIN slow down resource-intensive local applications? Our tests show that GRIN forwarding
does not impact storage bound apps, but it is interesting
to examine CPU bound and memory bound scenarios.
We ran three resource-intensive applications, Linux
kernel compilation, video transcoding and a memcache
server, on one of our 6-core Xeon servers. Where relevant, we use a ram disk for persistent storage. Running
time is the metric for kernel compilation and transcoding.
For memcache, we preload 220 keys with corresponding
60 byte values, and then measure the number of requests
that can be fulfilled during 20 second intervals. The requests are generated by 60 local threads that connect3 to
the server using UNIX sockets.
The first two lines from the results in Figure 11 show
that running the app on five cores gives near-identical performance regardless of whether the sixth core is idle or
forwarding traffic bidirectionally at 10Gbps: if we can
spare a core for forwarding, there will be negligible impact on all other apps. The last two lines show the overhead when we run the app on all cores: here forwarding
decreases application performance by 9%-13%.
We stress, however, that in many cases clusters of computers are dedicated to one distributed application (e.g.
web-search) to avoid bad performance interactions. In
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such cases the side-effects of forwarding are irrelevant
as long as the application as a whole runs faster. In the
next section we describe results with GRIN-aware applications where the total completion time is reduced despite
the negative effect of forwarding.

5.6

GRIN-aware applications

One simple and very effective optimisation is to schedule
bandwidth intensive jobs onto servers that are not direct
GRIN neighbors. We have optimised HDFS for reads by
placing replicas of the same block in this manner. When a
read request comes in, the scheduler replies with the leastrecently accessed server that has a replica, and records
that the server and his neighbor were “accessed”.
We deployed the optimised version of HDFS on 1000
EC2 instances. In each experiment we used a fraction of
the nodes to transfer a 400MB file from HDFS to local
storage. We used a replication factor of three and a block
size equal to 140MB. The results, found in Figure 12,
compare the default implementation of HDFS, HDFS running over GRIN1 and, finally, HDFS optimised for GRIN.
The results show that running HDFS opportunistically improves download time on average by 14%, and running
optimised HDFS brings a 28% improvement. The results
also show that, as expected, the optimised version is superior at higher loads, where the probability of GRIN neighbours to be active is much higher.
Next, we optimised Hadoop and Spark by changing the
job placement algorithm to avoid scheduling mappers and
reducers on neighbour nodes, whenever possible. We ran
Spark to run the same string occurrence problem in a large
24GB file over the 1Gbps network. Two HDFS nodes
store the data and two Spark nodes do the actual processing. Without GRIN, the total execution time is around
111 seconds. Even if all nodes are clumped up together,
using GRIN1 brings the execution time down to 106 seconds. This is caused by a somewhat uneven distribution
of the data (one node holds 11G and the other 13G).
Since the application can process it pretty fast, GRIN allows one server to help the other out after it finishes sending all the local data. With optimisations enabled, every
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tle overheads if resource-hungry apps
run on separate cores from forwarding. Figure 12: HDFS running on
In the worst case, the overhead is 13% 1000 EC2 instances
node has an idle neighbour, and the execution time drops
to around 54.5s. A similar optimisation for Hadoop reduces the overall shuffle duration by 20%.
A GRIN topology could also be used to lessen the effects of incast by leveraging the additional switch buffers
available at neighbors. In this case, it makes no sense to
spread data over multiple paths with MPTCP.
Instead, the frontend can disable MPTCP and split its
connections over its uplink and GRIN interfaces in a
round-robin fashion. To test this optimisation, we used
synthetic scatter-gather application to periodically request
data from multiple sources. Figure 13 shows the behavior encountered when one server simultaneously requests
30KB of data over 27 persistent connections, evenly distributed among the nine remaining servers. There are 50
rounds of transfers, each being followed by a 300ms waiting period. Here we compare the original topology with
a GRIN2 setup using MPTCP and another one using the
incast optimisation. For each case, we plot the CDF of
transfer times. Incast mode provides dramatic improvements, reducing the mean by two orders of magnitude.
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Related Work

A preliminary version of this paper has appeared as [2].
Various solutions have been proposed for increasing core
utilisation in full bisection networks, such as MPTCP [17]
or Hedera [4]. These, however, aim to make full-bisection
topologies behave like a non-blocking switch by routing
flows in the network to avoid collisions.
Other approaches, such as Flyways [12] or C-Through
[23], are based on augmenting an oversubscribed network
with additional communication channels that can be used
to improve throughput between different groups of servers
when the initial latency is not an issue. They try to create
the illusion of full bisection in oversubscribed networks;
however, the network activity of a single server is still limited by its uplink.
Using datacenter servers to forward traffic is not a new
idea. In fact, topologies such as DCell[11] or BCube[10]
rely on servers having multiple ports, and most forwarding is done by the servers themselves. However, these proposals are very difficult to wire, involve complex routing
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Figure 13: Optimising scatter-gather
apps for GRIN

schemes and impose a great forwarding effort on servers.
These drawbacks have prevented adoption in practice.
GRIN borrows the idea of server routing but uses it in
a very simple setup where wiring and routing are trivial,
while inherently limiting the amount of forwarded traffic.
Proposals such as ServerSwitch [15] show how forwarding can be implemented in the NIC, without involving the host; such proposals would prevent GRIN forwarding from interfering with host applications.
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Conclusions

As long as the network is the main bottleneck, wiring up
free server ports with GRIN is a simple yet powerful solution to increase the amount of bandwidth available to
end-hosts. It is cheap and feasible to implement over almost any topology used today, and this can be done in an
incremental fashion. While full-bisection networks show
the most potential, we believe it can also be used with
oversubscribed networks as long as there still is significant underutilisation.
Even when the additional network ports are not “free”,
GRIN can offer an interesting trade-off where we get more
capacity out of the network by investing at the edge. There
is also the possibility of trading additional cabling costs
and complexity to alleviate ToR-level congestion. The
server forwarding overhead can be considered an issue in
certain opportunistic usage scenarios, but we argue that
it can be eliminated altogether with proper hardware support. Moreover, making distributed applications GRINaware can significantly diminish any possible shortcoming of the setup. GRIN offers better peak performance,
is cheaper, and scales better than alternative solutions like
multihoming.
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