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Abstract—Datacenters host a mix of applications which gener-
ate qualitatively distinct traffic patterns and impose varying net-
work objectives. Online, user-facing applications generate many-
to-one, incast traffic of mostly short flows, which are sensitive to
tail of Flow Completion Times (FCT). Data analytics applications
generate all-to-all traffic (e.g., Web search) of mostly short
flows that saturate network bisection and the job completions
require all flows to complete. Background applications (e.g., Map-
Reduce) generate large flows and are throughput sensitive due
to the sheer amount of data that they transfer over the network.
While datacenter fabric provides good bisection bandwidth to
handle all-to-all traffic, incast traffic is bottle-necked at edge
switches and causes queue buildup at the port connected to
the receiver. Because datacenter switches use shallow buffers to
reduce cost and latency, the queue buildup problem is further
exacerbated as the shallow buffers easily overflow causing packet
drops and expensive TCP timeouts. To address these issues we
propose ICON, a novel scheme which reduces incast-induced
packet loss by setting a fine-grained control over sending rate by
pacing traffic. We propose two variants: an application agnostic
version that simply paces packet smoothly over round trip time
(RTT) and an application aware version that paces packets
based on application knowledge (e.g., incast degree). Compared
to existing state-of-the-art congestion control schemes, ICON
achieves 77% lower 99th percentile flow completion times for
short flows and 18% higher throughput for long flows on average.
Further, ICON drastically reduces 99th percentile packet drops
by a factor of about 3 on average.

I. INTRODUCTION

Today’s datacenters provide fast and reliable access to data
across the Internet. Datacenters have become the de facto
platform for storing and accessing vast amounts of Internet
data. Datacenters host a mix of applications: foreground ap-
plications, which mostly perform distributed lookup in order
to respond to user queries; and background applications,
which perform data replication, synchronization, and update.
Because foreground applications perform distributed look-ups,
the queries must wait for most responses (e.g., 99%) from
servers, and, therefore, their performance is sensitive to the
tail (i.e., 99th percentile) flow completion times [1]. While
foreground applications generate relatively short flows (e.g.,
16KB) and are sensitive to the tail flow completion times,
background applications generate long-lasting flows (e.g., VM
migrations) and require higher throughput.

Foreground applications perform online queries for mostly
small data items that are distributed across many servers, and
therefore, cause incast (i.e., many servers send their data to one

receiver which causes rapid queue buildup at the switch port
connected to the receiver). As today’s datacenters host many
incast-heavy applications (e.g., Web search, social networks),
incast-induced congestion is common and drastically affects
performance. Incast causes packet drops and costly timeouts,
resulting in longer tail flow completion times. Incast not only
affects flow completion times, but it also decreases throughput
as it builds up long queues at switch ports. Long queues
and timeouts affect throughput as well. Therefore, the key to
improving both flow completion times and throughput lies in
alleviating the congestion from incast.

Both load balancing and congestion control play a key
role in achieving network objectives. Perfect load balancing
is vital because poor load balancing would result in conges-
tion hotspots, which worsen tail flow completion times and
throughput due to excessive packet loss. Fortunately, recent
proposals achieve near-optimal load balancing [2–4]. On the
other hand, congestion control schemes strive to improve tail
flow completion by modulating the flow rate using active
queue management (AQM) signals such as explicit congestion
notification (ECN).

TCP uses packet loss as the main signal of congestion. TCP
relies on timeouts or duplicate ACKs to detect packet loss,
and, throttles its sending rate when a packet is lost. However,
packet loss is often a late signal of congestion as it triggers the
congestion control mechanism only after packets are already
dropped, which is very expensive. Recent congestion control
proposals [5–9] address this problem by leveraging ECN,
which informs senders about congestion before the buffers
overflow. ECN-enabled switches mark packets if their queue
lengths exceed a predefined threshold. In fact, many providers
have already deployed DCTCP [5] in their datacenters.

While AQM schemes drastically speed up congestion re-
sponse in the general case, they are still slow to respond to
incasts. For instance, we still incur packet drops with an incast-
heavy workload in our experiments. The buffers build-up at a
much faster rate during incasts than during other congestion
episodes. However, the ECN-based schemes require several
round-trip times ( RTT) to respond. Figure 1 shows the CDF
of the duration of incasts from our test run. Around 90% of
packet bursts (TCP incast) last only around 40 μs which is of
the same order as RTT in many production datacenters. The
short incast episodes are also reported by other studies [10].

Congestion control protocols that use ECN (e.g., DCTCP
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Fig. 1: Incast duration in web-search workload

) improve throughput of background flows as the flows are
long and can afford several RTTs for congestion response.
However, if packets of short, foreground flows are dropped, the
schemes do not improve flow completion times. Note that we
cannot solve the problem by aggressively cutting the sending
rate upon seeing an ECN mark; intermittent burstiness is
common in datacenters, so such an aggressive response would
degrade throughput. We cannot solve the problem by setting
a smaller ECN threshold as a smaller threshold would also
degrade throughput for the same aforementioned reason [11].

In this paper, we target incast congestion, which causes
most packet drops in datacenter networks; existing schemes
that rely on feedback from the receivers do not address incast
congestion. We observe that incast fills up a large fraction
of switches’ ports in a small amount of time (e.g., a few
milliseconds) and are incredibly hard to predict [12]. As our
results show, although feedback-based schemes can improve
the performance to some extent, they are far from achieving
optimal flow completion times. In contrast, we propose to
alleviate the incast via pro-active means: pacing the senders’
packets to smooth-out the bursts that arrive at the switch port
and leveraging application knowledge (i.e., incast degree) to
proactively control the rate. Thus, our proactive approach,
ICON, prevents congestion from happening in the first place,
as opposed to reacting to congestion in the aftermath.

We present ICON, which proactively alleviates the conges-
tion due to incasts, by pacing packets in a TCP window over
RTT, instead of bursting out the packets together, as is done
today. While ICON paces packets over RTT, we introduce
another optimization to further reduce congestion: we reduce
the rate as per the number of incast senders (i.e., incast degree)
before pacing the packets (i.e., if n is the incast degree, then
window
RTT = capacity

n ). We leverage the receiver (sink) server
to get information about the number of senders. Because the
receiver (sink server) is the initiator of the query, it knows
the incast degree and it can piggyback this information to all
senders. Fortunately, modern NICs include support for packet
pacing, which makes our idea attractive to datacenters [13, 14].

Our proposed scheme nearly eliminates incast-induced
packet drops by adding negligible complexity at the end hosts’
transport layer. Because incast traffic has an “ON-OFF” pattern

[15], ICON needs to remember the incast degree at the sender
side and not start with a full line rate at the beginning of “ON”
phase. We elaborate our design in III. ICON does not require
any support from switches and is readily deployable.

In summary, we make the following contributions:
• We propose an end-to-end congestion control scheme,

called ICON, that targets incast, which is common but
not efficiently handled by existing proposals.

• We employ pacing to proactively handle incasts.
• Our application-aware optimization uses incast degree to

pace senders’ packets and nearly eliminates packet drops
from incast.

• Because packet pacing is widely supported in modern
NICs, our proposal is readily deployable in today’s data-
centers.

Through extensive simulations using ns-3 simulator [16],
we show that ICON achieves 77% (4.3x) reduction in 99th

percentile flow completion time compared to ICTCP, on aver-
age, for all loads. At higher loads (80%), ICON achieves up
to 7% and 80% reduction in median and 99th percentile flow
completion times, respectively. Further, ICON achieves 18%
higher throughput than ICTCP, on average, for all loads.

The rest of the paper organized as follows. We provide
background and motivation for our idea in section II. We
present design of ICON in section III. We discuss experimental
methodology and results in Sections IV and V, respectively.
Finally, we discuss related work in section VI and conclude
in section VII.

II. BACKGROUND AND MOTIVATION

TCP incast was introduced in [17] in the context of dis-
tributed storage. Similar to Web-search workload, incast is
common in distributed storage clusters when a server requests
files that are stored in multiple servers. Several previous papers
on congestion control and load balancing show that congestion
caused by incast is a major problem in datacenter networks.
Recent proposals [12, 18] make changes to transport protocol
stack to tackle incast. Because end-to-end designs are easier to
deploy than designs that require changes to the network (i.e.,
routers and switches), end-to-end solutions are the preferred
choice.

ICTCP [12] specifically targets incast problem in datacenter
networks. ICTCP-enabled end-hosts measure available band-
width and then set the appropriate receive window based on
the calculated throughput. The central idea is to measure
the difference between observed throughput and estimated
throughput and use the difference to affect the sender rate
via TCP receive window. ICTCP requires at least 2 RTTs to
adjust the window size which is indeed slow to respond to
incast. Also, if the initial congestion window is set to a large
value (e.g., 10 MSS or higher), ICTCP would still suffer from
excessive TCP timeouts as many packets get dropped during
the first RTT. Furthermore, while ICTCP performs well if the
initial congestion window is set to a small (e.g., 2 MSS in their
paper) value, a small congestion window hurts throughput, as
we later show in section V.
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DCTCP [5] is a well-known congestion control scheme,
which makes the key insight that a proportional response to
congestion using ECN marks could improve both tail flow
completion times and throughput. DCTCP leverages 1-bit
ECN marks in packet headers at the end host to infer the
queue length at the bottleneck port. It uses this information to
modulate the sending window based on the number of marked
packets [5]. DCTCP works well for long, background flows.
However, if the incast degree (number of parallel senders) is
high and the flows are short, DCTCP performs poorly. We
compare ICON to DCTCP in section V.

The problem with both DCTCP and ICTCP is that queue
size would increase rapidly during incast, and therefore, it is
essential to slow down all senders in a sub-RTT scale. How-
ever, DCTCP’s proportional response would require several
RTTs for the senders to slow down and ICTCP requires at
least 2 RTTs to react. Therefore, both ICTCP and DCTCP
are not fast enough to react tackle incasts. There are other
proposals on congestion control [19–21], load balancing [2–
4] and packet scheduling [8, 22–24] that focus on minimizing
flow completion times and maximizing throughput. While
these proposals are effective against other general forms of
congestion, they do not handle incasts well. We argue that
incasts must be handled separately than other general forms
of congestion.

While rate control is one aspect of incast-induced con-
gestion, the burstiness of data transmission from senders
further worsen the congestion episodes. A TCP sender, without
pacing, causes burstiness at the switch output port. The lack of
pacing combined with synchronized sends from several servers
(i.e., a search query synchronizes the responses from several
servers that results in an incast) results in over-subscription
of switch port’s capacity. Therefore, pacing packets is a
straightforward way to alleviate incast congestion.

Because most incasts lasts shorter than a RTT [10] (see
figure 1), a congestion control scheme that handles incasts
must be proactive: the senders must set their correct rates
without relying on feedback from receivers. Prediction based
on past statistics is a possibility. Unfortunately, previous papers
have shown that incasts are notoriously unpredictable [12].
Therefore, we require hints from the application (e.g., incast
degree) to set the correct sending rates. Fortunately, the
software architecture of incast-heavy applications is such that
it is quite feasible to obtain incast degree for these applications.
For instance, incasts in Web Search application is caused when
responses to a query collide at a switch’s output port. Because
the (receiving) server already knows the incast degree when it
issued the query, it is only a matter of passing this information
to the senders along with the query so that senders can start at
the correct sending rate rather than having to learn the correct
rate iteratively over several RTTs.

III. ICON

In this section, we present the technical details of
ICON, which specifically targets incast problem in datacenter
networks. Incast is predominately induced by a set of servers

(e.g., 32) that respond to a server’s query. For example,
in distributed storage clusters, a file may be divided into
multiple chunks that are stored on different servers across
the datacenter. In such a case, a single server, which is
responsible for retrieving and reassembling the whole file,
queries all the servers to retrieve the file. Such distributed
lookup results in incast. Incast causes many packet drops at
the edge switch connected to the retrieving (sink) server. As we
discussed in section I, incast is an important and critical issue
in datacenter networks, and incasts degrade the performance
of both foreground and background applications.

ICON’s incast control algorithm consists of two parts: (1)
end-to-end application level knowledge sharing about the num-
ber of concurrent senders (i.e., incast degree), and (2) pacing
TCP window over RTT proportional to the shared number.
We will discuss the application-level information sharing in
section III-A and the traffic pacing in section III-B.

A. Application-level knowledge sharing

We make the key observation that incast, which bottlenecks
the receiver (or the last switch’s output port that connects to the
receiver), it is inherently application-depended, and, therefore,
the incast problem could be solved at end hosts rather than
involving switches and routers.

The application layer of the sink server, which is responsible
for distributed lookup, knows the number of the servers that it
is going to the search query. Therefore, simply communicating
this incast degree to all those servers that are part of the
distributed lookup could go a long way in addressing incasts.
At the very beginning of the communication between all
senders and the sink server, this number will be piggybacked
by TCP packets from sink server to sender servers (during
TCP 3-way handshaking). At this point, all senders know how
many different servers will share a same route through the sink
server. Giving this prior knowledge to servers is key as it can
serve to right the correct sending rate at the sender. However,
there are a few challenges that we must solve to realize the
goal:

Communicating incast degree to senders. We can use
unused fields in IP or TCP header for this purpose. For
example, we can use ”options” field in TCP header or ”Type-
of-Service” (ToS) field in IP header but we chose the first one
as it does not affect the network functionality.

Handling persistent connections. We know the calculated
number of servers will be reported to sender servers only
during the TCP handshake. If the TCP connection between
end hosts is persistent, sender servers save the reported number
in their memory and use it unless a new information arrives
from the sink server. In the other words, the very first reported
number will be valid until a change happens in the number
of active servers. This number rarely changes because the
number of senders is usually fixed as they are chosen to hold
a particular piece of data. However, if this number changes,
the sink server notifies other servers through a small update
message. These update messages are designed to only convey
the number of parallel senders. As long as only one server
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Fig. 2: (a) Normal TCP vs (b) TCP with Pacing

will send these small update packets, bandwidth consumption
is almost negligible.

B. Traffic pacing

In this section, we cover details of traffic pacing at sender
NICs. Pacing and rate control are two different aspects of
congestion control. While rate control adjusts the sending rate
to avoid any long-term over-subscription of the bottleneck
link capacity, rate control alone is not sufficient to avoid
congestion. Pacing determines controls the rate at a much more
finer grain (e.g., how the packets are spaced within an RTT).
Two schemes with the same sending rate but different packet
pacing can lead to different queuing delays in the network. In
general, uniformly distributing the packets over the sending
“time period” can smooth out queue build-ups and reduce
congestion. Figure 2 shows the difference between Normal
TCP and the one which uses pacing.

ICON paces TCP window over RTT by providing a gap
(pause time) between packets. As we can see in the figure 2,
as TCP window grows, this gap becomes smaller because of
more packets that it needs to send. Since TCP normally sends
a window of packets as a bulk, it is more prone to cause packet
drops as more packets are likely to collide on the bottleneck
link. However, ICON paces packets over RTT to provide more
time for the switch port at the bottleneck link to drain packets.

C. Combination of pacing and application knowledge shar-
ing:

ICON uses a combination of application knowledge sharing
and traffic pacing in order to improve tail flow completion time
and throughput. Once the sender servers receive the number
of active senders from the sink server, they start to calculate
the pacing rate (i.e., the gap between each packet) using this
number. Equation 1 shows how ICON calculates the new
sending rate.

Sending rate =
TCP window size

RTT × number of parallel senders
(1)

As equation 1 implies, if TCP window grows up, the sending
rate will increase which might be problematic if the flow size
is very large. However, this is not a big issue in incast as incast

Fig. 3: Topology used in simulations

is mostly caused by short flows. The newly calculated sending
rate ensures that the sending rate of all senders is proportional
to the number of competing flows on the bottleneck link. This
technique guarantees that the bottlenecked switch port buffer
has enough space to absorb all packets heading to the sink
server. As an example, if TCP window is 10 MSS, RTT is
120 microseconds and we have only 1 sender, the new sending
rate requires 10.8 microseconds gap (pause time) between
sending each packet (assuming link speed is 10 Gbps). As
you can see, our new congestion control scheme requires only
a tiny modification over current transport protocols and is
implementation-friendly.

In the absence of application knowledge, we assume that
the “number of parallel senders = 1” in the previous
equation. We show in section V that ICON outperforms other
schemes, even without application knowledge.

IV. EXPERIMENTAL METHODOLOGY

We use ns-3 [16] simulator to simulate a datacenter network
and evaluate ICON’s performance. In this section, we present
the details of our evaluation methodology including topology,
workload, simulation parameters, etc.

1) Topology: We use ns-3 to simulate a leaf-spine datacen-
ter topology as shown in Figure 3. Leaf-spine is a commonly
used topology in many datacenters [3]. In our topology, the
fabric interconnects 400 servers through 20 leaf switches and
10 spine switches. Our topology uses an over-subscription
factor of 2, which is typical. So, each of those leaf switches
has 20 ports connected to the servers and 10 ports connected
to upper spine switches. All the links from servers to leaf
switches, and from leaf switches to spine switches are 10 Gbps
links. The maximum unloaded round trip time (RTT) of our
network is 80 μs.

2) Workload: We model our workloads based on the results
presented in [15]. Our workload has a mix of short and long
flows. The flow arrivals are based on a Poisson process and
source and destination servers are chosen uniformly randomly
for both short and long flows. We define incast flows as a
subset of short flows; the total load produced by short flows
is equally divided among incast flows and other normal short
flows (one-to-one short flows). Our workload model matches
the one used in [25]. Our short flow sizes are randomly
selected from a range of 8 KB to 32 KB and we set long
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flow size at 1 MB. Our long flows contribute to 70% of
the overall network load, which matches previous work (e.g.,
pFabric [26]). We use a default incast degree of 26, but we
vary the incast degree and study our sensitivity in section V.
We evaluate ICON’s performance using both tail and median
flow completion times for short flows, and throughput for long
flows.

3) Compared schemes: We compare ICON to the following
schemes:

• DCTCP: We implemented DCTCP, matching all the
details from the original paper [5]. We set DCTCP to
be our baseline, as it is commonly used in today’s
datacenters.

• ICTCP: We implemented ICTCP based on their paper
and we set the parameters as suggested in the paper [12].
Our ICTCP implementation measures available band-
width at end hosts and sets the next receive window
according to the available bandwidth. In the other words,
the end host predicts the throughput and sets the re-
ceiver window based on the difference between expected
throughput and the observed throughput. The receive
window will be set to a smaller value if the difference is
large. However, if the measured difference is small, TCP
receive window is allowed to increase normally. ICTCP
is able to set the fair share rate when a lot of packets
arrive at a same time. ICTCP specifically targets incast.

• ICON: While ICON would work on top of any transport
protocol, we implement it on top of DCTCP [5] as it
is widely deployed in modern datacenters. Our proposed
scheme consists of two parts. First, each server which is
a part of TCP incast, paces its TCP window over RTT
by setting appropriate pause times between sending each
packet. Many modern NICs already support this feature
[14]. Second, to find the best sending rate and pause
duration for pacing, senders divide their sending rate by
the number of parallel senders which is provided by the
receiver (we describe the design in section III).

• Information-agnostic ICON (IA-ICON): We imple-
ment another version of ICON which does not rely on
information provided by receiver application (i.e., number
of parallel senders). Instead, IA-ICON paces the TCP
window over RTT. While this scheme will pace sender
data regardless of the number of senders, we include
this method for two reasons: (1) quantify the utility of
application knowledge and (2) isolate the effect of pacing
from rate control (i.e., IA-ICON does not start with the
correct sending rate but ICON does).

Finally, we would like to emphasize that we use identical
values for parameters that are common to DCTCP, ICTCP,
and ICON (e.g., ECN threshold, buffer size, RTT). While
there are a number of packet scheduling and load balancing
schemes in the last few years such as pFabric [26], PIAS [22],
CONGA [3], HULA [4], etc., we only compare ICON to
DCTCP and ICTCP as they target incasts. As such, ICON
can be implemented on top of most load balancing schemes.

Fig. 4: Median flow completion time

Fig. 5: Tail flow completion time

V. RESULTS

In this section, we evaluate performance of ICON and
compare its performance to other competing schemes. We
present the following comparisons:

• Tail (99th percentile) and median (50th percentile) flow
completion times

• Average throughput of long flows
• Number of dropped packets
• Sensitivity to different incast degrees
• Distribution of queue lengths in switches

A. Flow completion time

In this section, we show how ICON performs in terms
of median and tail flow completion times compared to other
schemes. The results for median and tail flow completion times
are shown in figure 4 and figure 5, respectively. In both of
these figures, X-axis shows the network load and Y-axis shows
flow completion times in milliseconds. As expected, both tail
and median flow completion times of all schemes increase
with increasing load. We also see 1-2 orders of magnitude
difference between median and tail flow completion times,
matching several reported results [5, 10, 12]. Also, we see
that tail rapidly increases at higher load values, which is also
expected.

While ICON slightly under-performs other schemes (i.e., by
about 13 %) in median flow completion times, it drastically
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Fig. 6: Average throughput of long flows

outperforms (i.e., by about a factor of 7 − 8 or by about
80%) all other schemes in tail flow completion times. Because
most foreground applications are sensitive to tail, not median
flow completion times, ICON’s contribution is well-suited to
today’s datacenters. In other words, ICON closes the gap
between median and tail latencies, which reduces performance
variability in datacenters. Also, it is interesting to note that IA-
ICON performs quite close to ICTCP in tail flow completion
times. Because IA-ICON isolates pacing from rate control,
the fact that IA-ICON performs close to other complicated
rate control schemes shows that pacing is as important as rate
control in datacenter networks. The slightly worse median flow
completion times, however, do not affect ICON’s throughput,
as we show next.

B. Average Throughput
In this section, we compare the average throughput of long

flows for DCTCP, ICTCP, Information-Agnostic ICON, and
ICON. As we can see in figure 6, as the load increases, long
flow throughput decreases for all schemes due to congestion
in the network created by short, bursty flows; the queuing in
the network increases with load. ICTCP outperforms DCTCP,
specifically at higher loads. ICON significantly outperforms
all schemes across a range of loads. Because ICON leverages
application knowledge, ICON instantly converges to the cor-
rect sending rate; the other schemes require several RTTs to
converge to the correct fair-share sending rate. On average,
ICON achieves 18% higher throughput compared to ICTCP.
IA-ICON performs similar to ICTCP, albeit with a much lesser
complexity. Therefore, our throughput results also highlight
the importance of pacing.

C. Number of dropped packets
We dissect the bottomline performance of ICON by compar-

ing the number of dropped packets in all the schemes. Because
re-transmission of dropped packets directly influences tail flow
completion times, we compare the maximum number of packet
drops for different schemes. As the load increases, packet drop
rate for all schemes increases due to increased congestion. As
we see in figure 7, ICON substantially cuts the number of
packet drops. Since ICON sets the right sending rate and paces
the packets, ICON nearly eliminates packet drops.

Fig. 7: Maximum number of packet drops

Fig. 8: Sensitivity to different incast degrees

D. Sensitivity to different incast degrees

We now study the sensitivity of ICON and other schemes
as we vary the incast degree of applications. While our default
incast degree value of 26 is typical for many datacenter
applications, there is, indeed, a wide range in the incast degrees
of various applications. In this experiment, we compare the tail
flow completion times of foreground flows at an incast degree
of 20 and 32 to those at an incast degree of 26, for varying
loads. As shown in figure 8, the tail increases with higher
incast degrees. Nevertheless, we see that ICON substantially
outperforms the competition, even for lower incast degrees.
Because the “real” incast degrees of commercial applications
are likely higher (e.g., NDP [21] uses incast degrees in the
order of a few hundred), ICON’s potential improvements are
likely to be even more impressive in production environments.

E. Queue length

Finally, we analyze the distribution of receiver switch’s
queue length for the three schemes. We sampled the queue
lengths in one of the leaf switches connected to a sink server
at 30% load, and we analyzed its cumulative distribution.

Figure 9 shows the CDF of DCTCP, ICTCP, and ICON.
We see a drastic difference between the CDFs of these three
schemes. While both DCTCP and ICTCP suffer from long
tails in queue lengths, which corresponds to their long tail
flow completion times, ICON’s CDF is much narrower than
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Fig. 9: Distribution of queue lengths in switches

the other schemes. ICON reduces 99th percentile queue length
by a factor of 7.5 compared to ICTCP, closely matching
our improvement in tail flow completion times. This analysis
shows that both rate control and pacing play a key role in
reducing queuing in the network.

VI. RELATED WORK

Internet congestion control is a well-studied area for more
than two decades. Over the last several years, datacenter
congestion control has become a hot topic as datacenters are
more amenable for adding new functionality in the network
and datacenter workloads significantly differ from Internet
client-server applications. Datacenter traffic is more bursty and
less predictable than wide area network (WAN) and Internet
traffic.

We have already discussed DCTCP and ICTCP in previous
sections. Now we summarize other related work in this section.
[27] focus on reducing timeouts during incast and addresses
incast via techniques such as selective ACK (SACK) and
disabling TCP slow start. However, incasts last less than one
RTT and optimization do not effectively address congestion
during incast. Similarly, [25] proposes to decreases TCP’s re-
transmission timeout interval (RTOmin) at the end hosts, to
reduce the duration of timeouts. While the proposal reduces
the cost of timeouts, it does not fundamentally reduce the num-
ber of TCP timeouts, which happen due to incast congestion.
In contrast, ICON reduces the number of such timeouts.

There are other proposals which argue for better adjusting
TCP’s congestion window, to reduce congestion during incasts.
While smaller congestion windows reduce incast congestion,
they also degrade throughput of long flows. In rate control
protocol (RCP) [19], the switches directly inform the senders
about their fair share rate by observing flows on the ingress
link. However, RCP requires expensive switch support. Fur-
ther, RCP also requires several RTTs to arrive at the right
sending rate. TIMELY [7] monitors RTT, similar to TCP
Vegas. However, unlike Vegas, TIMELY employs a gradient-
based approach to quickly arrive at the right sending rate. In
contrast to TIMELY, which also requires several rounds, ICON
uses application knowledge and employs pacing to reduce
incast congestion.

Similar to DCTCP, DCQCN [6] is a congestion control
method which leverages ECN for Remote Direct Memory
Access (RDMA) networks and performs rate-based congestion
control. Also, QCN [28] provides congestion control based
on network feedback (e.g., ECN) but operates at the layer-
2. Express-Pass [29] is one of the most recent proposals on
datacenter congestion control, which distributes end-to-end
credit packets to simulate a token bucket scheme. Express-
Pass improves tail flow completion times but requires support
at the switches and the implementation is significantly more
complex than ICON. A few other proposals [8, 23, 26, 30]
focus on datacenter flow scheduling, whereas our main goal
is to alleviate incast congestion.

VII. CONCLUSION

In this paper, we proposed ICON with a goal of improving
tail latency for foreground applications and throughput for
background applications, by avoiding queue buildups that
happen due to incast at edge switches. While there has been
a number of papers that show incast-induced congestion is
common in datacenters, the problem remains largely unsolved.
Incast is also inherently tied to the nature of many foreground
applications that perform distributed search of small objects in
large datasets. Incast cannot be fixed by having large buffers
as large buffers cause increased queuing delays and exacerbate
the problem even further.

We introduced ICON, which employs fine-grained traffic
pacing at the end host’s NIC. Fortunately, many vendors are
starting to introduce support for packet pacing in NICs, which
augurs well for our proposal. In addition to pacing, ICON
also leverages application knowledge to arrive at the right
sending rate, without having to continuously adjust the sending
rates over several RTTs. ICON reduces the tail percentile flow
completion times of short flows by up to 89% compared to
DCTCP. It also improves the throughput of large flows by up
to 30% compared to DCTCP. As incast degrees of foreground
applications increase to cope up with the exponential growth
of data, schemes such as ICON would become attractive.
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datacenter networks and stacks for low latency and high
performance,” in Proceedings of the Conference of the
ACM Special Interest Group on Data Communication.
ACM, 2017, pp. 29–42.

[22] W. Bai, K. Chen, H. Wang, L. Chen, D. Han, and C. Tian,
“Information-agnostic flow scheduling for commodity
data centers.” in NSDI, 2015, pp. 455–468.

[23] L. Chen, K. Chen, W. Bai, and M. Alizadeh, “Scheduling
mix-flows in commodity datacenters with karuna,” ser.
SIGCOMM ’16, 2016.

[24] H. Rezaei, M. Malekpourshahraki, and B. Vamanan,
“Slytherin: Dynamic, network-assisted prioritization of
tail packets in datacenter networks,” in 2018 27th Inter-
national Conference on Computer Communication and
Networks (ICCCN). IEEE, 2018, pp. 1–9.

[25] V. Vasudevan, A. Phanishayee, H. Shah, E. Krevat, D. G.
Andersen, G. R. Ganger, G. A. Gibson, and B. Mueller,
“Safe and effective fine-grained tcp retransmissions for
datacenter communication.”

[26] M. Alizadeh, S. Yang, M. Sharif, S. Katti, N. McKeown,
B. Prabhakar, and S. Shenker, “pfabric: Minimal near-
optimal datacenter transport,” in SIGCOMM, ser. SIG-
COMM ’13. New York, NY, USA: ACM, 2013, pp.
435–446.

[27] A. Phanishayee, E. Krevat, V. Vasudevan, D. G. An-
dersen, G. R. Ganger, G. A. Gibson, and S. Seshan,
“Measurement and analysis of tcp throughput collapse
in cluster-based storage systems.” in FAST, vol. 8, 2008,
pp. 1–14.

[28] R. Pan, B. Prabhakar, and A. Laxmikantha, “Qcn: Quan-
tized congestion notification an overview,” 2007.

[29] I. Cho, K. Jang, and D. Han, “Credit-scheduled delay-
bounded congestion control for datacenters,” in Proceed-
ings of SIGCOMM, 2017, pp. 239–252.

[30] C.-Y. Hong, M. Caesar, and P. B. Godfrey, “Finish-
ing flows quickly with preemptive scheduling,” in SIG-
COMM, ser. SIGCOMM ’12. New York, NY, USA:
ACM, 2012, pp. 127–138.

132



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


