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Abstract—Congestion control becomes indispensable in highly-
utilized consolidated networks running demanding applications.
In this paper, proactive congestion management schemes for
Clos networks are described and evaluated. The key idea is to
move the congestion avoidance burden from the data fabric to a
scheduling network, which isolates flows using per-flow request
counters. The scheduling network comprises per output arbiters
that grant data packets after reserving space for them in the
buffer memories in front of fabric outputs. Computer simulations
show that this strategy eliminates head-of-line (HOL) blocking
and its adversarial effects throughout the fabric, without having
to drop packets. In particular, a simplified model describes this
result as a synergy between proactive buffer reservations and
fine-grained multi-path routing.

Two alternative designs are presented. The first one places all
arbiters in a central control unit, is simpler, and has superior
performance. The second is more scalable by distributing the
arbiters over the switching elements of the Clos network and
by routing the control messages to and from endpoint adapters
via multiple paths. Computer simulations of the complete system
demonstrate high throughput and low latency under any number
of congested outputs. Weighted max-min fair allocation of fabric-
output link bandwidth is also demonstrated. Furthermore, delay
breakdowns show that the time that packets wait in fabric and re-
sequencing buffers is minimized as a result of the reduced (and
equalized across all fabric paths) in-fabric contention. Finally,
the high throughput capability of the system is corroborated by
a Markov chain analysis of output buffer credits.

Index Terms—Computer networks, multi-stage switching fab-
rics, interconnection networks, flow control, scheduling.

1 . INTRODUCTION

As datacenter applications become more sophisticated, there
is a growing need for efficient and scalable switching fab-
rics to cope with the increasing volume and the divergent
requirements of (“east-west”) inter-server traffic that these
applications generate. These new fabrics are expected to offer
a high-end alternative to current installations that are based
on standalone, off-the-shelf switches. In parallel, network
consolidation results in more flows, protocols and applications
being multiplexed on a higher utilized infrastructure. For this
to succeed, the bottlenecks that any stream of traffic may have
should not detriment the global network performance. The
common practice today is to overprovision the network by

Manuscript submitted 30 November 2012.
Nikolaos Chrysos is with Foundation for Research and Technology

(FORTH); a large portion of this work was performed while he was with
IBM Research–Zurich; (email: nchrysos@ics.forth.gr).

Lydia Chen is with IBM Research–Zurich (email: yic@zurich.ibm.com)
Christoforos Kachris is with Athens Information Technology (email:

kachris@ait.edu.gr)
Manolis Katevenis is with Foundation for Research and Technology

(FORTH), and University of Crete (email: kateveni@ics.forth.gr)

VOQs

adapter adapter

host host

host host

flattened fabric

(b) proactive fabric−buffer reservations

large backlogs

small backlogs

traffic waits
to be scheduled

(a) baseline

req

grant buffer space

Fig. 1. Proactive buffer reservations vs. indiscriminate flow control in
datacenter fabrics.

adding switches and cables, sometimes in an ad-hoc manner.
Although overprovisioning can be successful in certain roles,
any size of pipe may occasionally fill up. The role of con-
gestion management is to ensure that the network operates
robustly under such events.

For single-stage switches, congestion has been successfully
tackled by using virtual output queues (VOQs) to isolate
flows for different outputs and to prevent head-of-line (HOL)
blocking. Extensions of the same method for multi-stage
fabrics do exist, but require order O(p ·N ) queues inside the
switching elements, where N and p denote the number of
fabric-ports and service classes respectively—see for instance
[1] for a full-fledged solution and [2] for a hybrid approach. In
practice, one can afford VOQs only at the inputs of the fabric,
and therefore one has to deal with the interference between
flows sharing fabric queues.

At the same time, scale-out, latency-sensitive applications
are typically characterized by intensive inter-server communi-
cation, with high fan-in, and also require small in-fabric delays
and delay variations [17], [18]. As a response, the industry is
now shifting from the hierarchical datacenter networks of the
past to flattened fabrics that provide full bisection bandwidth.
Eventually, the same trend will invalidate the present-day
congestion management that relies on lossy switches with
large buffers (and queues) and on sluggish (TCP-like) software
re-transmissions. What comes next is networks with small
buffers that use flow control to prevent packet drops. This
transition is seriously hampered by the fear of ensuing head-
of-line (HOL) blocking and saturation trees, which may also
have detrimental effects to packet delays—see Fig. 1(a).

In this paper, we propose and evaluate fabrics with small,
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cleverly-scheduled buffers inside the switching elements. As
shown in Fig. 1(b), in our method, a scheduler selectively pulls
packets from the input VOQs inside the network, ensuring
that injections do not overshoot network buffers. Our results
demonstrate that this solution frees the fabric from buffer over-
flows and from HOL blocking, thus minimizing the in-fabric
packet delays under the most demanding traffic conditions.

1.1 Overview of proactive fabric-buffer reservations

We consider the Clos datacenter network (or fabric) shown
in Fig. 2, where each link is associated with a small buffer
in front of it. We define a flow as a fabric-input/fabric-
output/priority triple. Arriving packets are stored in per-flow
VOQs, located in network adapters in front of the fabric.

The proposed congestion management scheme is proac-
tive, in the sense that it takes measures before the onset of
congestion. In particular, the VOQs first issue a request and
reserve space in all buffers across a fabric route, and then
let a data packet go through it1. Buffer credits are granted
by a scheduling sub-network that comprises pipelined credit
arbiters, one for each link of the fabric. Buffer reservations
are made in reverse order, moving from outputs to inputs, one
stage at a time. In this way, internal buffers are reserved only
for packets that are feasible for downstream links. Effectively,
this scheme eliminates the need for hop-by-hop backpressure,
which can lead to HOL blocking, and, at the same time, it
prevents packet drops.

Our scheme lifts the congestion avoidance burden from the
data network and places it into the scheduling network. This is
a reasonable trade-off, as requests are significantly smaller in
size than payload data, and can also be combined in per-flow
counters. Thus, it is easier to handle a flood of requests in the
scheduling network than a flood of data packets in the data
fabric.

Extensive performance evaluations of this method, com-
bined with packet-level multi-pathing, demonstrate that the
resulting networks are immune to congestive episodes and that
they successfully compete against single-stage architectures.
The new systems however scale to tens of thousands of ports,
about two orders of magnitude larger than their single-stage
counterparts. Additionally, by preventing HOL blocking, the
packet delays and the delay variations inside the fabric and in
re-sequencing buffers become marginal.

Besides isolating non-congested flows, the proposed scheme
also enables fair allocation of congested links, without requir-
ing per-flow queues inside the network. Having eliminated the
intra-fabric (i.e. hop-by-hop) backpressure, there is no problem
if flows share the fabric queues, since the fabric now steadily
forwards data at the rate that these are admitted into it by the
schedulers.

The cost to be paid is additional control logic and buffers
that can readily be distributed over multiple chips and be run
by independent, asynchronous hardware units, plus some fixed
bandwidth to accommodate for the control messages.

1A detailed description can be found in Section 3, and Fig. 3.
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Fig. 2. A three-stage Clos fabric with N -ports, made of M×M switches.

1.2 Contents

We start in Section 2 with a review of related work. Section
3 describes a generic scheduler for buffered multi-stage fabrics
that reserves fabric buffers ahead of packet injections to
eliminate HOL blocking. In Section 3.2, we simplify the
scheduler by exploiting the non-blocking properties of three-
stage Clos networks that perform fine-grained load balancing.
Then, using a fluid model, we show that the simplified
scheduler prevents HOL blocking at any fabric stage much
like the generic scheduler does. Our first computer simulation
results in Section 3.3 highlight the benefits gained: the time
that packets wait in the fabric and re-sequencing buffers drops
by more than two orders of magnitude in the presence of
hotspots.

Section 4 uses a Markov-chain analysis to study the
throughput as a function of buffer size and switch size. With
modest buffer sizes, in the range of 7 to 10 packets per
switch output, nearly full throughput is obtained independent
of switch size, N .

In Section 5, two alternative designs are presented. The
first one employs a central scheduler, its operation is simpler,
and has superior performance, i.e. smoother transient behavior
at the onset of congestion. The second design improves
scalability by distributing the control arbiters over the fabric
elements, and by routing control messages over multiple
paths. Computer simulations of detailed system models in
Section 6 demonstrate high throughput and low delays, under
adverse, uniform and non-uniform traffic, for both systems.
Most notably, robust operation is sustained in extreme traf-
fic conditions, where all inputs synchronously overload one
output after the other, resembling incast congestion [28].

Section 7 draws hardware cost projections and addresses
implementation issues. Finally, we conclude with discussions
in Section 8 and a summary in Section 9.

2 . RELATED WORK

2.1 Proactive congestion control

Proactive congestion control is quite different and in cer-
tain aspects much more efficient than reactive congestion
control. Reactive control allows congestion to develop and
subsequently tries to break it. However, once you allow too
many packets into the network (like too many cars into a city
junction), but lack the capacity to store them all across the
fabric, HOL blocking can develop, thus affecting delay and
throughput performance. Reactive algorithms do not prevent
the initial formation of buffer backlogs, and are frequently
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over-conservative, slowing down flows more than necessary
and/or delaying their recovery. In effect, they perform sub-
optimally under the rapidly changing traffic conditions gener-
ated by bursty workloads.

From research, the benefits of proactive buffer reservations
were first examined in earlier versions of this work [3], [4].
A similar proactive congestion control that regulates the long
term rate at fabric output ports was even earlier presented
in [9]. This system foresees a complex and lengthy commu-
nication and computation algorithm. To offset that cost, rate
adjustments are made fairly infrequently (e.g. every 100 µs),
thus increasing the delay of new packets arriving at empty
VOQs, and not preventing HOL blocking in between adjust-
ment times. More recently, proactive congestion control for
on-chip networks was presented in [10], and multicast traffic
support for a server-rack fabric using a request-grant/credit
protocol was examined in [8].

Some recent switch products use a request-grant/credit
protocol in their fabrics, in order to reserve buffers at end-
point linecards [5] [6] [7]. These schemes regulate the per-
output flow rates over a long time window, and do not offer
guarantees on the filling level of internal buffers, which is
crucial to avoid HOL blocking. For these schemes, there are no
performance evaluation results or detailed system descriptions
publicly available.

Another recently proposed scheme that proactively avoids
saturation trees is Speculative Reservation Protocol (SRP)
[16]. SRP does not reserve network buffers, but regulates flows
by serializing the injections using a reservation schedule for
each output endpoint. A similar method, named implicit rate
regulation, was also examined in [15]. However, our results in
Section 6.5 suggest that sources may miss their time schedule
because of in-fabric contention. In this case, outputs may
be overloaded, increasing the in-fabric contention and thus
bringing even more out-of-schedule injections.

2.2 Routing induced congestion

There has been extensive work on optimal routing for
fat-trees (Clos-like) datacenter or HPC fabrics. This branch
of research tries to prevent internal hotspots by selecting
a favorable routing function [19], [20] or by dynamically
rerouting traffic away from congested minimal paths [21]. In
the present work, we target output-induced congestion and use
per-packet multi-path routing to avoid routing inefficiencies
[22].

2.3 Is flow completion time a universal metric?

Many recent research papers focus on flow completion time,
as a central measure of merit for datacenter networks. This
point is particularly valid for production datacenters that use
a MapReduce framework to support data-intensive scale-out
applications, such as web search or data analytics. Typically,
these applications run on lossy networks using TCP. Conse-
quently, there have been attempts to modify the TCP transport
in order to minimize the average flow completion time and
to suppress the tail of its distribution [17]. Recently, lossless
networks were shown to offer significant benefits along in

this direction [18], [24]. The zFabric further extends this
mechanism to include flow control inside the virtual switches
of supervisors for virtualized networks [29].

Of particular interest are the cross-layer proposals in [25],
[26]. These view the datacenter network as a complete, integral
function aiming at end-to-end optimization. Similarly, in this
paper we show that a switching fabric built with end-to-end
performance in mind can perform considerably better than a
(flattened) datacenter fabric made of standalone, off-the-shelf
switches. Nevertheless, it is not yet the time to completely
abandon traditional metrics of interest, such as bandwidth
fairness, high utilization and flow isolation. These are still very
important for many typical workloads, and, because of their
endurance in time, they are likely to continue being important
in the future. Furthermore, if a network fails in one or more
of the above “traditional” metrics, it will be very difficult to
deliver low flow completion times and run multiple services
at the same time. The scheme that we propose in this paper
reduces the in-fabric packet latency by more than one order of
magnitude under extremely challenging traffic conditions. This
directly translates into lower completion times for all flows.

3 . PROACTIVE FABRIC-BUFFER RESERVATIONS

We consider the three-stage Clos network shown in Fig. 2.
For simplicity, we assume fixed-size packets2. All links operate
at rate λ, such that the internal bisection bandwidth matches
that of input or output ports. Packet time is defined as the time
it takes to transmit a packet at rate λ.

By A, B, and C, we denote the 1st, 2nd, and 3rd stage,
respectively. There are M (=

√
N ), switches per stage, with

M ports each. Every A and C switch connects to M ingress
and M egress network adapters. Ingress adapters contain
VOQs, which in this study are assumed to have infinite size.
Egress adapters contain the buffers used for the re-sequencing,
whose size can be bounded by the scheduling network. The
M×M switching elements in this study comprise a buffer
for b packets per (local) output, and can in practice be
implemented by combined-input-output-queuing (CIOQ) or
buffered crossbar chips [14]. In the baseline system, local,
hop-by-hop backpressure is used to prevent buffer overflows.

3.1 First conceptual scheduler

Figure 3 shows a first generic scheduler that reserves fabric
buffers thus removing the need for intra-fabric backpressure.
Every packet in a VOQ issues a request and waits for the
grant before it can proceed towards the fabric. Requests are
processed by a pipeline of credit arbiters. There is one such
arbiter for every output or internal link that maintains a private
buffer-credit counter and private request buffers that hold out-
standing requests. The credit arbiter serves a request only when
its credit counter is non-zero. On service, it decrements that
count (i.e. reserves buffer space) and forwards the (granted)
request to the appropriate arbiter in the next pipeline stage.
Eventually the request will reach the issuing VOQ, after buffer

2Variable-size packets have to be segmented at ingress and reassembled at
egress.
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Fig. 3. The scheduling sub-unit (shown at the top) for a Clos fabric (bottom),
using intermediate credit arbiters; N= 4, M= 2.

space has been reserved along a fabric path. Credits return to
the credit arbiter, terminating a credit cycle, once the injected
packet departs from the corresponding fabric buffer. Thus, the
rate of data departures indirectly regulates the rate of grants.

First-stage arbiters allocate space for the buffers of stage
C, enforcing feasible rates for fabric outputs; we call them
output arbiters. Output arbiters must also choose a B switch
(path) and direct requests to the appropriate 2nd-stage arbiter.
The 2nd and 3rd stage arbiters reserve space for the buffers
of stages B and A, respectively; we call those intermediate
arbiters. Finally, 4th-stage arbiters simply forward grants to
VOQs; we call them input arbiters.

Buffer reservation order: As shown in Fig. 3, we start
buffer-space reservations from the last (output) fabric stage,
moving left (to the inputs), one stage at a time. This is pre-
cisely opposite to how data progress and buffers get reserved
under traditional backpressure protocols. The reservation di-
rection chosen prevents packets that will later not be able to
move on from needlessly occupying buffers: each reservation,
when performed, is on behalf of a packet that has already
reserved space in the next downstream buffer.

Of course, when reserving buffers in the upstream direction,
as we do here, the danger is for many outputs to simultane-
ously reserve credits for packets to come from the same input
or internal link. The contention at these upstream links may
delay the credit recycling time, yielding buffer and link under-
utilization. Observe, however, that whereas output contention,
which we tackle with this reservation order, can be severe,
input contention has a short-term character because the (long-
term) load at an input cannot exceed the capacity of a single
link.

3.2 Simplifications owing to load balancing

For non-blocking performance, we use per-flow inverse
multiplexing as in [1]. We use per-flow pointers to distribute
the load of each flow equally among all B-switches, on a per-
packet basis. This uniform (oblivious) load balancing equalizes
the load on each path. The following theorem shows that,
in a fluid model, if we combine this load balancing with
the injection policy enforced by the output arbiters, then the
admitted data will also fit in internal fabric buffers. Thus we
can safely remove intermediate credit arbiters, and radically
simplify the scheduling network.

Theorem 1. Assume a fluid model of a three-stage network
where (i) there is a buffer in front of every switch output that
can hold an amount of traffic equal to b, measured in arbitrary
units; (ii) the traffic inside the fabric destined to a particular
output never exceeds b, and is evenly distributed on per-flow
basis over all possible paths; and (iii), there is no hop-by-
hop backpressure between adjacent switch stages. Then the
output buffers of switching elements will never overflow, i.e.
the backlog in any of them will be ≤ b.

Proof: Consider a particular fabric output, j. The corre-
sponding output arbiter makes sure that, at any time instance,
there are at most b units of traffic inside the fabric towards
output j. Due to perfect load balancing, the portion of this
traffic that is assigned to a particular B-switch is at most b

M .
Now, for all M outputs in the same C-stage switch, their
collective traffic steered on a tagged B→C link is at most∑M
ν=1

b
M = b, hence the output buffers of stage B never

overflow.
Because of the ideal traffic distribution in this fluid model,

the maximum load on each A→B link (distribution network)
is at most λ, where λ is also the capacity of the link. Therefore,
since there is no hop-by-hop backpressure to prevent a busy
buffer from draining, the backlog in front of A→B links will
be less than b.

The following corollary becomes evident.

Corollary 1. In a fluid system as described in Theorem 1 but
which implements hop-by-hop flow control to prevent buffer
overflow, the flow control will never be activated.

Note that for a real (non-fluid) system, we can guarantee that
output adapters never exert backpressure on fabric-outputs,
and that all injected packets fit into fabric-output buffers,
hence fabric-output buffers also never exert backpressure. We
cannot guarantee the same for the other buffers because load
balancing on a per-packet basis may not be perfect in the short
term (quantization imbalances). In order to prevent occasional
buffer overflows, we use hop-by-hop backpressure to flow
control A and B stage buffers—C stage buffers are flow
controlled by output arbiters and do not need hop-by-hop
backpressure. Our simulation results indicate that the hop-
by-hop flow control is only rarely activated, due to random
short-term conflicts.

3.3 Tolerance to hotspots in computer simulations

Figure 4 presents the quality-of-service (QoS) levels ob-
tained by the simplified scheduler. Subfigures (a) and (b)
depict the average delay that packets experience from the
time they enter the VOQ at the ingress adapter till the time
they depart on the targeted destination3. We plot the delay
of non-congested packets only, as a function of the aggregate
load at their destinations. In Fig. 4(a), the progress of these
packets is clearly inhibited by (congested) packets heading
to (hotspot) destinations, as manifested by their large delays
(observe the logscale of axis y). Note that the unwanted
interference disappears when we speedup the fabric by a factor

3The simulation model and the traffic patterns are presented in Section 6.
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Fig. 4. Delay of packets going to non-congested destinations in the presence
of hotspots; hotspots are overloaded by a factor of 1.1×. The proactive buffer
reservations yield slightly higher delays at low loads because of the request-
grant latency overhead.

of 2×, but shows up again when the oversubscription factor
ramps up to 4.

Congested packets are also present in the experiments of
Fig. 4(b), just as in (a), but, now, their presence does not
impede the progress of non-congested ones. This figure depicts
the performance of two systems. The first one uses network-
level VOQs, i.e. O(N ·M ) number of queues per switch, thus
preventing the interference by congested flows. The second
one uses shared queues, as the baseline does, but proactively
reserves fabric buffers using the simplified scheduler. The
proposed solution isolates flows as well as network-level
VOQs4.

3.4 Intra-fabric delays in computer simulations

Next, we measure the delays that packets undergo in fabric
queues and in re-sequencing, as a function of input load.
Figure 5 presents the average and maximum queuing delays,
under uniform and hotspot traffic. Comparing subfigures (a)
and (b), one may see that, for the baseline scheme, the in-
fabric delays increase dramatically in the presence of hotspots,
starting from low loads. This is due to saturation trees. What
is surprising is how similar are the corresponding delays
with proactive buffer reservations: even with highly congestive
traffic, non-congested packets flow seamlessly through the
fabric, as if nothing happens. This manifests that internal fabric

4Observe that for N = 64, and 2 hotspots overloaded by a factor of 4, the
delay curves flatten out at loads ≥ 0.90. This happens because the load of
non-congested destinations cannot increase beyond 64−2·4

64
= 0.875.

queues do not build up any significant backlog that could cause
HOL blocking.

Comparing Fig. 5(a) with (b), i.e. the average with the
maximum in-fabric delay, also manifests a large spread (jitter)
of delays inside the fabric for the baseline system. This gets
reflected into higher waiting times at the re-order buffers, as
shown in subfigures (c) and (d). One may see that, in baseline,
the waiting time in re-sequencing increases by up to two
orders of magnitude when hotspots are present: hotspots can
induce saturation trees inside the fabric and delay the “next-
expected-packet” for arbitrarily long. (This result narrows the
scope of the findings in [23], which states that packet spraying
(multi-pathing) in fat-tree networks does not reorder packets
significantly: this statement is false for networks with flow
control.) On the other hand, with proactive buffer reservations,
the re-sequencing delays are negligible and unaffected by
hotspots; they are similar or better than in baseline even with
uniform traffic.

4 . ANALYSIS OF SYSTEM THROUGHPUT

Having shown through analysis and simulations that the
proposed mechanism protects innocent flows from congested
ones, next we analytically quantify its throughput perfor-
mance. For uniformly-destined traffic, such that all input
VOQs are constantly full, we find that the throughput is nearly
full even for small output buffers, in the range of 7-10 packets.
Due to space limitations, below we outline the model and the
main results [13].

4.1 Model used in analysis

To ease the analysis, we will draw simple models for the
network and the scheduling unit. In particular we consider an
N×N single-stage switch, with VOQs at the inputs and small
buffers in front of the outputs. This model ignores the first and
second switch stages of the Clos network. This simplification
is justified by the analysis of the previous section: after
reserving space in output buffers and load balancing the traffic
on a per-packet basis, the first and second stages merely steer
traffic to fabric outputs, virtually without any contention or
blocking.

The model that we study in this section performs the
following operations in every packet slot:

1) Each unmatched input sends a request to every output i
for which it has a packet in its VOQs.

2) If output i receives a request from m inputs, it chooses
k = min(cr[i],m) of them to grant randomly, where
cr[i] is the current credit at output i, and notifies each
input whether its request was granted.

3) If an input receives one or more grants, it chooses one to
accept randomly, notifies the corresponding output, and
inserts the HOL packet from the corresponding VOQ in
the targeted output buffer.

4) Each output decrements its credit counter by one for
every accept signal it receives, and increments it by
one for each packet that departs from the corresponding
output buffer.
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(c) Aver. waiting time at resequencing

0.1 0.4 0.7 0.96
10

−1

10
0

10
1

10
2

10
3

10
4

��

��
��
��
��
��

��
��
��
��
��

�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�

��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��

�
�
�
�
�
�

�
�
�
�
�
�

��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��

�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��

��
��
��
��

�
�
�
�
�

�
�
�
�
�

��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��

�
�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�
�

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

��
��
��
��
��
��
��
��
��
��
��
��
��
��
��
��

incoming load (fraction of capacity)

resequencing max

w
a
it
in

g
 t
im

e
 a

t 
re

s
e
q
u
e
n
c
in

g
 (

p
a
c
k
e
t 
it
m

e
s
)

(d) Max. waiting time at resequencing

Fig. 5. Queuing delay of packets inside fabric-buffers and waiting time at re-sequencing: only packets to non-hotspots are considered.

5) Each non-empty output buffer forwards its HOL packet
on the output link.

The affinity of this scheduling mechanism to PIM [11] is
well pronounced. The main difference is that in PIM each
output issues at most one grant per packet time, whereas here
an output can have as many grants pending as the available
output buffer slots.

We denote by U the steady state (input and output) utiliza-
tion. Following the derivation in [11], the input utilization of
PIM is equal to the probability that an input port receives at
least one grant, Pr(y ≥ 1). This probability is equal to one
(1) minus the probability that all N outputs grant one of the
remaining N − 1 inputs, i.e. 1− (N−1

N )N . As N →∞

U = Pr(y ≥ 1) = 1−
(
N − 1

N

)N
∼= 1− e−1 (1)

When b > 1, it’s not as straightforward to obtain Pr(y ≥ 1),
as the number of credits, x, available at every output may vary
between 1 and b. In steady state, each output holds an average
number of credits, β = E[x]. As a result, we obtain:

U = Pr(y ≥ 1) = 1−

((
N−1
β

)(
N
β

) )N = 1−
(
N − β
N

)N
(2)

One can obtain the upper bound of U as:

Lemma 4.1. When b > 1,

U ≤ 1−
(
N − b
N

)N
Proof: From Eq. 2, Pr(y ≥ 1) is monotonically

increasing with β, and is maximized when β = b. As a result,
1− (N−b

N )N is the upper bound of P (y ≥ 1) and of U .
We can find β using an iterative procedure [13]. Next,

we compare the average throughput computed using Eq. 2
with the upper bound of throughput from Lemma 4.1 and
with the average throughput obtained from three independent
computer simulations runs, using uniformly-destined traffic at
100% load.

In Fig. 6, we depict the throughput for buffer sizes b in
1-12 and switch sizes N = 8 and 256. The results from the
analysis match very closely with those from the simulation,
especially for intermediate b values, between 2 and 8 packets.
Moreover, the difference between the upper bound and the
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Fig. 6. Throughput vs. buffer size (b) from analysis and simulation for
different switch sizes N .

average throughput diminishes with increasing b. As can be
seen, when b is small, there is some dependency between
buffer size and switch size, but when b is greater than 8, all
switch sizes achieve virtually full utilization. Interestingly, the
full throughput capability does not depend on desynchronized
round-robin pointers as in iSLIP, but assumes random arbitra-
tion.

5 . ALTERNATIVE SCHEDULER ORGANIZATIONS

In this section, we present two alternative organizations
for multi-stage fabrics based on the simplified scheduler of
Sec 3.2. The first uses a centralized scheduler, and the second
a distributed one5. Note that in order to limit the write
throughput of output buffers, we assume buffered crossbar
switching elements; however, CIOQ switches can be used as
well—see Section 6.5.

5.1 Central scheduler

In the first design, all output arbiters are placed in a central
scheduling chip as shown in Fig. 7, offering a clean separation
between control and datapath logic. The central scheduler
comprises N output credit arbiters, responsible for reserving
buffers (credits), as discussed in Section 3.2. When more than
one output arbiter grants the same input at the same time,
the corresponding input arbiter serializes these grants, sending
them to the waiting VOQ. We consider that every output or
input arbiter serves one request or grant, respectively, per
packet time. To reduce pin count, endpoint adapters send and

5The design descriptions in this section match carefully the operation of
our computer simulation models.
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Fig. 7. A three-stage fabric with centralized control. The grants from
(requests to) the scheduler are aggregated through the corresponding C (A)
switch so as to reduce the pin count of the central scheduler; for simplicity
the grants in the figure are shown as routed through their corresponding A
switch.

receive control messages to and from the scheduler through
their corresponding first- and third-stage switch elements,
respectively.

As mentioned in Section 1, the proposed congestion control
lifts the congestion avoidance burden from the data fabric and
moves it to the scheduling network. A key point is that the
per-flow requests and grants can be safely isolated inside per-
flow counters. The central scheduler uses N2 of them to store
outstanding requests, and N2 to store outstanding grants. The
large number of counters limits the scalability of this design.

In order to reduce the counters’ size, we throttle the per-
flow requests. Specifically, each adapter limits the number of
requests that a flow may have outstanding to an upper bound
u (note6). As a favorable side effect, this request throttling
equalizes the request rate of each flow with its grant rate.

Every adapter maintains a pending-requests (pr) and a
received-grants (rg) variable for every corresponding flow,
initialized to zero. Variable pr is incremented on every (per-
flow) request sent, and decremented on every received grant
when rg is incremented; counter rg is decremented when a
new (per-flow) packet is forwarded into the fabric. A request
arbiter visits the eligible VOQs and issues at most one request
message per packet time. Each request message specifies the
issuing flow and the number of requested credits.

Upon reaching the central scheduler, a request from flow
i→j increments request count i→j, in front of output arbiter
j. Since we assume buffered crossbar switches, the output
arbiter must choose a particular B switch (route), and reserve
space in the corresponding crosspoint buffer. For this purpose,
every output arbiter has N distribution counters, one for each
input, selecting the B switch through which to route the
next packet from each flow, and M credit counters, one for
each corresponding crosspoint buffer. A flow is eligible for
service when its request count is non-zero, and the credit count
selected by its distribution counter is also non-zero. Once flow
i→j gets served, its request count and the selected credit count

6For continued transmissions, u must be dimensioned according to the
request-grant rtt, which spans from the time an adapter issues a request till
the time the adapter receives the corresponding grant.

get decremented by one. Then a grant is routed to input arbiter
i, where it increments grant counter i→j by one. Non-zero
grant counters are always eligible for service. When grant
counter i→j is served, it is decremented by one, and a grant
is sent to adapter i.

Observe that packet injections are subject to backpressure
from stage A, thus it may not be possible to inject the HOL
packet of VOQ i→j immediately after a grant arrives. Instead,
an input link arbiter forwards packets from VOQs with rg > 0,
subject to the availability of A-stage credits.

The route (i.e. a B-switch identifier) for each packet can
be indicated by the grant message. To reduce the message
size, the route can also be indicated by a per-flow distribution
pointer inside adapter i, which is synchronized with the
distribution pointer used by output arbiter j. A sequence
number is included in the header of injected packets, which is
used to re-sequence the out-of-order packets at the egress.

The injected packets travel to the targeted B switch subject
to hop-by-hop backpressure, based on local, next-hop credits.
Each input adapter or switch output maintains M credit coun-
ters, one for each crosspoint buffer along the corresponding
input line of the downstream crossbar. The switch (or ingress
adapter) can forward a packet only if credits for the targeted
downstream crosspoint buffer are available. After serving a
packet, the switch generates a credit to notify the upstream
switch (or ingress adapter) about the now released buffer
space. Local, hop-by-hop credits are sent upstream at a peak
rate of one credit per upstream, per packet time. There is no
backpressure from stage B to C. When the packet becomes in-
order in the egress adapter, an (end-to-end) credit is returned
to the central scheduler7. A link arbiter forwards the in-order
packets from the adapter on the egress link. We do not send the
end-to-end credit when the packet departs from the C-stage
buffer, but when it becomes in-order in the egress adapter, to
upper bound the buffers needed for reordering purposes.
Statistical pointer desynchronization: The output arbiters
serve the per-flow request counters in a round-robin fashion.
For improved desynchronization, each output arbiter uses a
different, random (but fixed) order at which it visits inputs. In
this way, we avoid the persisting pointer synchronization that
we have observed in simulations with common-order output
round-robin pointers [12]: for uniform traffic, multiple outputs
may grant inputs in phase over extended periods of time, thus
rendering unbalanced credit allocations and low throughput
(80% or less).

5.2 Distributed scheduler

In this section, we overcome the scalability limitations of the
central scheduler by distributing the scheduling functions over
the switches of the Clos network8. Although this distributed
design may seem more complex than the centralized one, our
computer simulation results show that it yields nearly the same
performance levels.

The network of the distributed scheduler is depicted in Fig.
8. There are M output arbiters in every C switch, one for each

7At most one credit is sent per egress, per packet time.
8Separate control chips, interconnected in Clos structure, can also be used.
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fabric output. The ingress adapters communicate with them
through a three-stage scheduling network. Each link in this
network transfers one request or grant per packet time. We
route requests and grants using inverse multiplexing (multi-
path routing) much as we do for packets in the data network.
The figure shows a single path from the request channel and
a single path from the grant channel, connecting an ingress
adapter with an output arbiter. In reality, there are M such
paths for every input/output pair, one for each B switch. The
per-flow requests (or grants) may now arrive out-of-order,
and get merged in the receiving outstanding request or grant
counter. There is no problem with that, since the per-flow
request (grants) are interchangeable with each other.

Continuing with the request network in Fig. 8, there is a
shared request queue in front of every A→B or B→C link,
with space for M · K requests, each, where K is set equal
to one local rtt worth of requests. Requests are issued from
adapters as in the centralized design, but now every next (per-
flow) request is routed through the next B switch, selected
by a per-flow request distribution counter. Request queues are
flow controlled using M request-credit counters per (inp→A
and A→B) link, each one initialized at K. Ingress adapters
(A switches) forward a new request only if the corresponding
request-credit count is non-zero, and decrement this count
afterwards. For every request sent from stage A (or B), a
request-credit is sent upstream. Although there is hop-by-hop,
backpressure in the request channel, requests can freely depart
from stage B, since space for them in per-flow request counters
at stage C has already been reserved via request throttling.

Output arbiters operate as in the central scheduler, but now
they must route every next (per-flow) grant through the next
B switch. For economy, the grant path is selected by the
corresponding packet distribution counter of the output arbiter.
The grant channel (reverse path) includes a shared grant queue
in front of each C→B, B→A, and A→inp link. Grant queues
are managed using a credit-based type of flow control, similar
to request queues9. The timing of operations in the scheduling
network is depicted in Fig. 9.

5.2.1 Managing contention inside the scheduling network:
The use of shared request queues10, alone, has the same

9Output arbiters issue grants subject to grant queue flow control.
10Because of multi-path request routing, every B switch conveys the

requests from as many as N2 flows, therefore it is not scalable to use per-flow
request counters to isolate the flows.

gr at gr atgr at input
B swA sw

input
A sw B sw C sw reorder
pck at pck at pck at pck at

injects pck

output arb.
issues grant output arbiter

credit at

time

input req at
A sw

req at
B sw

req at
C sw

output arb.
req atpck at

input
req−grant rtt

buffer rsrv rtt

issues req

(credit reserved)

Fig. 9. Scheduling a packet using the distributed scheduler. Shown are the
request-grant rtt, and the (credit) buffer reservations rtt.

drawbacks with indiscriminate backpressure in the data net-
work: requests of a congested flow can populate the shared
request queues and reduce the scheduling (hence also the data)
throughput. However, request throttling acts as hierarchical
flow control, alleviating this problem to a large extent. Because
there is no backpressure on the B switches of the request
channel, there is no HOL blocking in B→C request queues.

One implicit assumption made so far is that the request
counters inside the C switches are able to absorb the requests
coming from any number of B switches. Assume that the
packet size is P Bytes and that network links run at C Gb/s.
C and P together determine the packet time on a link as PT
= 8 · PC ns. For P= 512B, this yields PT= 408, 102 and 40
ns, for C= 10, 40 and 100 Gb/s, respectively. Assume a clock
speed of 500 MHz, i.e. a clock cycle, CC, of 2 ns, and dual-
ported SRAMs that keep the requests counts, allowing one
read/modify/write memory operation per clock cycle. We can
allocate half of the SRAM bandwidth to write new requests
and half to read requests (for output arbitration). Then, at each
output, we can write PT

(2·CC) new requests per packet time. This
gives us an upper bound on how large the size of the C stage
switches may be: 100, 25 and 10 ports for 10, 40 and 100
Gb/s links, respectively.

With P= 512B, bandwidth may be wasted for small packets.
A possible solution is to use variable-size internal packets
that hold fragments or the entire payload from more than
one external packets [15]. Effectively, an intensively loaded
VOQ or one that carries large IP packets will mostly produce
full 512B internal packets—link overload situations typically
involve large (MTU) packets [17], [28]. Nevertheless, the
demand for read/write operations on the flow counters may
increase when many small packets (< 512B), coming from a
large number of inputs, overload an output. In such an event,
we may expect some short-term blocking inside the scheduling
network, but this blocking will stop growing once the backlogs
build up enough such that the internal packets become full;
then, we can clear the backlogs using some internal speedup
in the data network, or in the scheduler as in Sec. 6.4.

6 . PERFORMANCE EVALUATIONS

In this section, we use compute simulations to evaluate the
performance of the proposed system. The computer models are
built on top of an event-driven simulator, written in C++, and
follow closely the system descriptions of Section 5. Targeting
a thorough evaluation, we use the following traffic patterns
that cover a wide range of workloads.

1) Uniformly destined traffic/ unbalanced traffic

8
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Fig. 10. Throughput comparisons under unbalanced saturated traffic.

2) Bernoulli / bursty packet arrivals
3) Multiple concurrent hotspots
4) Fan-in/incast
Each performance point that we present, be it a number for

latency or throughput, is the average of at least (3) independent
simulations, run using different random seeds.
Parameter settings: For fabric-buffer reservations, all arbiters
in the scheduling unit, switching elements and adapters imple-
ment the round-robin discipline. Packet cut-through operation
is assumed for switching elements. The credit round-trip time
of buffer reservations (credit-reserve till credit-return in Fig. 9)
is 12 packet times, and all crosspoint queues can store 12
packets. The occupancy level of the re-sequencing buffers is
explicitly upper bounded by the output arbiters. We set their
maximum size to 300 packets. Finally, we do not use the
intermediate credit arbiters shown in Fig. 3.

The minimum packet delay for both the centralized and
the distributed system is 12 packet times. For baseline
and network-level VOQs, which do not incur the additional
request-grant latency overhead, the minimum packet delay is
6 packet times. Finally, for iSLIP, the minimum packet delay
is zero (0).

The schemes that we compare are summarized below.
• Shared queues with indiscriminate hop-by-hop backpres-

sure (baseline)
• Per-flow packet buffers throughout the fabric (network-

level VOQs)
• Baseline with endpoint acknowledgments that regulate

VOQ injections (end2end acks)
• Single-stage crossbar running the iSLIP algorithm [12]
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Fig. 11. Packet delay under bursty traffic; aver. burst size = 12 packets.

• Speculative reservations (SRP) [16]
• Buffer reservations using the centralized scheduler
• Buffer reservations using the distributed scheduler

6.1 Throughput under unbalanced traffic

In this experiment, the unbalance degree of the traffic is
controlled by parameter w ∈ [0, 1], as in [14]: the normalized
load ρi,j , from input i to output j is given by w+ 1−w

N , when
i = j, and by 1−w

N otherwise. Traffic is uniformly-destined
when w= 0, and directed (N non-conflicting, input i→ output
i, connections) when w= 1. For intermediate values of w, the
traffic is a weighted mix of uniform and directed traffic (i.e.
unbalanced traffic).

In Fig. 10(a), we plot the throughput of the system using the
centralized scheduler for various buffer sizes at the crosspoints,
B. The throughput increases with buffer size, approaching the
maximum possible across the entire spectrum of w for B= 12
packets As can be seen in Fig. 10(b), the throughput of the
centralized system is only marginally affected if we increase
the number of ports from 64 to 256. Also, the distributed
scheduler is shown to achieve equally high throughput. To
improve the legibility of the figure, we omit throughput of the
distributed scheduler for N= 64: this matches closely that of
the centralized scheduler. As can be seen, both designs provide
considerably higher throughput than the iSLIP, single-stage
switch.

6.2 Bursty traffic

Next, we consider uniformly-destined bursty traffic, with
exponentially distributed burst sizes. Under bursty traffic, any
output may get overloaded during a transient period of time,
and impede the progress of packets heading elsewhere; thus
we expect this effect to show up in the baseline scheme.

In Fig. 11, we plot the performance of baseline, of iSLIP
with 2 iterations, and of the centralized and distributed sched-
ulers. At low loads, the delay of iSLIP is close to zero, that
of the baseline around eight (8), and of the centralized and
distributed schedulers around 12 packet times. As the load
increases, the comparisons go the other way around: iSLIP has
the higher delay, next comes the baseline, and the proposed
systems incur by far lower delays.
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Fig. 12. Delay of non-congested packets in the presence of a varying number of hotspots.

6.3 Multiple concurrent hotspots

Our next experiment tests the tolerance of the system to
hotspots. Under hotspot traffic, each destination belonging to
a designated set of k “hotspots” is oversubscribed by a factor
of h, uniformly from all sources; other destinations receive
a smaller load. To determine the destination of a packet, we
pull a uniform random variable, z ∈ (0, 1). If z < h · KN ,
the destination of the packet is uniformly selected among the
hotspots; otherwise, it is uniformly selected among the non-
hotspots. To generate a load ρ for the non-hotspot outputs, the
effective load at which inputs generate traffic is ρ · (N−K)

N +
h · KN .

The aim of these experiments is to see how the delay
of packets going to non-hotspots is affected in the presence
of congested packets. Some first results for the centralized
scheduler were presented in Section 3.3. Here we include the
performance of the distributed scheduler as well, and examine
k= 0-32 hotspots, each oversubscribed by a factor h= 1.1×.
Note that k= 0 corresponds to uniformly-destined traffic.

In Fig. 12(a), we plot the throughput of the baseline system.
Baseline performs well under uniform traffic, but its delay
ramps up by at least two orders of magnitude when hotspots
are present. Figures 12(b,c), present the corresponding results
for the centralized and distributed scheduler respectively. It
can be seen that, thanks to proactive buffer reservations, non-
congested packets are virtually unaffected by the presence of
any number of hotspots. The size of switch-element buffers
required to achieve this result is independent of N . The
scheduling network needs request buffers with size that grows
with N , but these are implemented using cheap SRAM-based
counters.

6.4 Transient behavior under fan-in (incast) traffic patterns

In this experiment, we examine an adversarial fan-in traffic
pattern, similar to what has been observed in datacenters
running MapReduce, as well as in distributed storage clusters
[28]. In particular, we warm up the system by having each
input send uniform traffic to 58 non-hotspot destinations,
loading them at 50%. This will be our background (non-
hotspot) traffic, which lasts until the end of the simulation.
In the following, time is measured in packet times. At time
5000, all inputs generates additional packets, which are all
destined to hotspot1. The aggregate demand for hotspot1

is 30× higher than its capacity. At time 10000 the traffic
to hotspot1 seizes, and inputs generate traffic for hotspot2.
Hotspot 2 is loaded as much as hotspot 1, and for the same
duration. In the sequel, hotspot3, hotspot4, hotspot5, and
hotspot6, are similarly overloaded one after the other, starting
from time 15000, 20000, 25000 and 30000, respectively.

We performed this experiment for the baseline, the cen-
tralized scheduler, the distributed scheduler, as well as for an
end2end acknowledgments scheme. The latter scheme is based
on baseline, but allows W unacknowledged packets per-flow,
which can fit in buffers reserved at output adapters. Whenever
a fabric output forwards an in-order packet, it issues an ACK
message to the sourcing input adapter. In our experiments,
we set W= 16 packets, which slightly exceeds the end-to-end
acknowledgment rtt (12 packet times). For simplicity, ACKs
are sent-out-of-band, incur zero delay, and do not interfere
with data traffic. Apart from that, all other parameters for
end2end acks (e.g. switching element type, buffer sizes and
link speeds) are the same as in the other schemes that we
examine.

The following results show that although the end2end acks
scheme can regulate the traffic to each destination, it’s not
as robust as fabric-buffer reservations. The reason is that
all inputs may collectively send N · W packets towards a
congested destination before being throttled. These packets can
fill up the network buffers and induce saturation trees11.

In Figs. 13(a,b,c,d), we plot the time series of the per-
hotspot throughputs and of the average throughput at the
remaining non-hotspot outputs (background traffic). Also, in
Figs. 13(e,f,g,h), we depict the time series of the delays of
packets received at non-hotspots. We have separate plots for
their total delay, their in-fabric delay, as well as for the
maximum in-fabric delay. As can be seen in Figs. 13(a,e),
the baseline performs quite poorly. The end2end acks scheme,
shown in Figs. 13(b,f), yields better throughput than the base-
line, but does not improve the delay performance. Although
this scheme regulates the rate of injections to each output, it
does not avoid nor resolve persistent backlogs that can form
inside the switching fabric at the onset of a congestive event.

Figures 13(c,g) depict the performance of the centralized
scheduler. For comparison, the performance of the distributed
scheduler is shown in Figs. 13(d,h). Both systems maximally

11The performance of end2end acks can improve by dimensioning switch
buffers to fit N ·W packets. However, this solution does not scale well.
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Fig. 13. The evolution of throughput and delay performance in time, under synchronized inputs overloading one after the other a set of randomly selected
outputs by a factor of 30×. The remaining (non-hotspot) outputs receive uniform traffic at 0.5 load. The congestive episodes start from time 5000, and each
one lasts for 5000 packet times. We plot the delay of packets heading to non-hotspot outputs.

utilize the hotspot and non-hotspot outputs, while keeping the
delays virtually unaffected in the presence of hotspots.

Careful examination shows that the total delays of the
distributed scheduler spike at the on-set of each hotspot. These
transients, which last for less than 1000 packet times, are due
to hotspot requests filling up B→C request queues. The ag-
gregate flow of requests to each congested output is eventually
limited to 1 request per packet time thanks to the hierarchical
request flow control. Thus, the duration of the transient is
related to the time that it takes for the request network to
absorb the excessive requests. This, in turn, depends on the
transmission time of requests as compared to their generation
rate. Thus, in practice, when an output is overloaded by large
messages, the transient behavior will be very short [15]. There
are several ways to reduce the duration of these transients even
further. For instance, we can speedup the request links B → C
and the absorption rate of requests inside C switches. In this
experiment, this speedup was 1.1×. Another way is to reduce
u, i.e. the number of pending requests per VOQ (32 in this
experiment), bringing it closer to (12) one request-grant rtt
worth of requests. Request contention can also be reduced
further by combining several VOQ requests into one control
message and also by piggybacking requests in data messages
as examined in [15].

In summary, the results in this section showed that both
the centralized and the distributed scheduler incarnations of
proactive buffer reservations provide exceptional performance
levels under extremely hard traffic condition.

6.5 Comparison with SRP (and CIOQ switching elements)

In this section, we compare SRP (see Section 2) with the
proactive buffer reservations variation described in [15]. (We
do not compare SRP directly to the systems proposed in
this paper, because SRP exploits the large expected size of
data messages to reduce the control overhead, whereas our
simulation models for the latter systems cannot perform such
optimizations.) The system in [15] is based on the principles

presented in this paper, but avoids using a separate scheduling
network. Instead, the network adapters route request and grants
messages over the data network. In addition, the scheme in
[15] can combine several requests and grants of the same flow
in a single control message, which can also be piggybacked
over data packets of the reverse flow to minimize the control
overhead.

In our experiments, we consider a 64×64, three-stage Clos
network, made of 8×8 CIOQ switches, and 10 Gb/s links. In
some experiments, the fabric lines run faster than the external
ports by a speedup factor s. CIOQ switches also run faster than
the fabric lines by a speedup factor os, and implement four (4)
VCs as defined in [16]. Data (application) messages are 2048B
long, and are segmented into 256B packets. The size of control
messages is set to 8B. The VOQs at each source adapter can
store 10,000 2048B messages, and discard new data messages
when they are full. Similar to [16], the propagation delay along
links is 32 ns, and the CIOQ switches offer a 26 ns cut-through
latency and a 16-packet deep queue at each input for each VC.
There is credit-based flow control between same-VC queues
in adjacent network stages.

There is a noteworthy difference between our model and
that used in [16]. The latter considers that CIOQ switches
have local VOQs at inputs; this means that there are 4 ·M2

queues in each switch. Instead, we consider that all packets
that arrive at the same input of a switch and belong to the same
VC are stored in one FIFO queue, out of which only the HOL
packet can participate in arbitration. The CIOQ arbitration is
VC aware, serving higher-priority VCs first. In order to mask
out first-order HOL effects within the CIOQ switches, we set
os= 8, and the size of each VC output buffer to 8×16 packets.
Effectively, for the 8 × 8 switches that we consider in this
experiment, each output buffer can absorb up to 8 incoming
packets per packet time, thus approaching the behavior of ideal
output-queued switches.

For proactive reservations, the output buffers of CIOQ
switches in the last fabric stage can store 150 packets. Output
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Fig. 14. Fabric-buffer reservations as in [15] vs. SRP [16].

adapters residing at adapters reserve space in these last-fabric
buffers to the requesting VOQs [15]. We also model reorder
buffers at the destinations of both systems. As SRP does
not enforce an upper bound on the occupancy of the reorder
buffers, we set the reorder buffer size to 12K packets. With
this empirically selected size, SRP’s reorder buffers did not
overflow in our experiments. For proactive buffer reservations,
each reorder buffer can store 200 packets, each request and
grant message can combine up to 20 packets, and each VOQ
may have outstanding requests for up to 20 packets [15].

Figures 14(a,b) compare the performance of buffer reser-
vations to that of SRP under uniform and adversarial traffic,
similar to that described in Section 6.3. We configured eight
(8) hotspots in one C-stage switch, each overloaded by a factor
h =2×. As can be seen, the delay of non-hotspot messages
in both systems is virtually unaffected in the presence of
hotspots. SRP achieves slightly better delay thanks to specu-
lative transmissions that avoid the request-grant latency at low
loads. The inset plots the utilization at non-hotspot outputs for
both uniform and adversarial traffic, and also the utilization
at hotspots. In SRP, the hotspot utilization is close to 0.95
because ε = 0.05 [16].

Figures 14(c,d) depict the throughput performance of proac-
tive buffer reservations and of SRP under uniform traffic,
driven by bursty message arrivals. Bursty arrivals are generated
as described in Section 6.2, with an average burst size of
20, 2048B messages. We have several plots for different
fabric speedup factors s. With proactive buffer reservations,
throughput goes up to 0.94 for any speedup factor between 1.0
to 1.3×; for the same speedup factors, the throughput of SRP
is worse. We attribute these inefficiencies of SRP to missed
deadlines. Performance improves as we increase the speedup
of the fabric, because the backlogs at input and fabric buffers
resolve faster, and thus the output enforced time schedules are
more conveniently met.

Similar performance problems with SRP are also present
in implicit rate regulation [15]. In implicit rate regulation,
each output enforces an arrival schedule which is conveyed to
inputs based on the time that the output issues the grants—the
grants in SRP have an explicit injection-time notification field.
In a distributed network, it is very difficult to guarantee that
arrivals will keep on following output schedules. Effectively,
a Clos network must run significantly faster than input and
output links to eliminate out-of-schedule arrivals at outputs.
With SRP, this is controlled via parameter ε. But the amount
of fabric speedup that is required to guarantee conformity to

output schedules remains unknown, especially considering the
unaccounted burden coming from small messages and from
their control overhead. On the other hand, proactive buffer
reservations are more robust to random delays. Instead of
requiring packets to arrive to destinations at a predefined time,
we reserve buffer slots so that packets can queue in front of
their destination, without exerting backpressure.

6.6 Weighted max-min fairness

With proactive buffer reservations, output (aggregate) flows
are protected from each other. The output arbiters that perform
the reservations serve per-flow request counters, thus they are
able to enforce any output bandwidth allocation they decide.
In principle, the final bandwidth allocation will also depend
on the arbiters of internal links. However, after buffers have
been reserved, the injected packets experience little contention
inside the fabric, thus the role of in-fabric arbiters is subordi-
nate.
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Fig. 15. Weighted max-min fair service for three (3) flows competing for
output 1.

In this experiment, we demonstrate weighted-max-min fair
bandwidth allocation. For this, we replace the RR output
arbiters in the centralized design with WRR arbiters. In Fig.
15, we configured three sub-flows: 1→1, 2→1, and 9→1, with
weights of 20, 9 and 1, respectively. Each of them is the
only active flow at its input, and its load changes along the
horizontal axis. Inputs other than 1, 2 and 3, receive a uniform,
bursty (background) traffic, at 0.9 load, targeting outputs 2 to
64. The vertical axis depicts flows’ normalized service rate,
measured at output ports. As long as the aggregate load for
output 1 is feasible (up to 0.33 load per flow), all flows’
demands are satisfied. At the other end, when all flows are
saturated (starting from 0.66 load per flow), each flow gets
served at a rate equal to its output fair share, i.e. 0.66, 0.30
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Fig. 16. Millions transistors per switch for the distributed scheduler.

and 0.033. When the load of a flow is below its share, the
excess bandwidth gets distributed to other flows, in proportion
to their weights.

7 . IMPLEMENTATION CONSIDERATIONS

In this paper, we described and evaluated the basic under-
lying ideas behind proactive fabric-buffer reservations. This
section estimates the area overhead of the control subsystem
for the centralized and the distributed designs as well as their
control bandwidth overheads.

The centralized scheduler requires N2 request and N2 grant
counters, log2(u)-bit wide each, and N2 log2(M)-bit wide
distribution pointers. For 20 transistors per counter bit, the cen-
tral scheduler chip requires 20·(2·N2 ·log2(u)+N2 ·log2(M))
transistors. Moreover, the centralized scheduler faces band-
width constraints. Effectively, it will be very difficult to scale
the centralized alternative beyond one thousand of ports [3].

The distributed organization improves scalability signifi-
cantly. Every A- or B-switch has M request queues, and each
such queue has a capacity of M ·K requests. Considering the
grant queues as well, we need a storage for 2 ·N ·K messages
per switch (M2 = N ). The most difficult part is the switches
of the last stage (C-switches), which contain M · N request
counters and M ·N , log2(M)-bit wide, distribution counters.
For 20 transistors per counter bit, and log2(u) = 7, the total
cost of counters per C-switch is 20 ·M · N · (7 + log2(M))
transistors. To reduce the transistor count, several counters can
be implemented in an SRAM block, with external adders for
increments and decrements. An SRAM bit consumes about 6
transistors, i.e. approximately 3 times less than a counter bit.

Figure 16 depicts the number of transistors for request
and grant storage, per switch, for various fabric sizes, N .
(Each request/grant message requires log2(N) + log2(M) =
3
2 · log2(N) bits.) As can be seen, fabrics with 16 or 32 K of
ports are readily feasible using the integration capabilities of
today.

Requests and grants need only identify a flow ID, and
possibly the route that they will follow. The information
required to identify a flow changes from hop to hop. The
requests that go out from an ingress adapter indicate the
targeted fabric-output port, and the path (B-switch) in the
request channel; the grants sent to ingress adapter identify
the fabric-output port that they come from. At a link between
an A-switch and a B-switch, there are M inputs combined
with N outputs to identify and separate from each other, and
symmetrically at a link between a B-switch and a C-switch.
there are M outputs combined with N inputs to identify and

separate from each other. Effectively, the size of a request
or grant message is always smaller than log2M + log2N , or
3/2·log2N bits.

When one request (grant) is forwarded, there may also be
a request- (grant-) credit issued upstream. These credits need
to identify a port ID in the present switch, hence they are
log2M -bit wide, each. Summing up, the bandwidth overhead
is (1 req + 1 req-credit + 1 gr + 1 gr-credit) 4 · log2N bits,
per packet: for N= 4096, it corresponds to 9.4% for 64-byte,
4.6% for 128-byte, and 2.4% for 256-byte packets. For N=
16K, the respective numbers are 11%, 5.5%, and 2.8%.

The data switches are (re)configured once per port and
per time slot, where a time slot is the internal data-packet
time. Control switches need to be reconfigured two times
more frequent (request plus grant vs. packet). Since control
messages are significantly smaller than data packets (e.g. 20
vs 256B), the cost is not excessively high given the abundance
of wires in modern ASICs.

The partitioning of the distributed scheduler in stages and
modules (Ai,Bi,Ci) and the flow control of control mes-
sages between adjacent scheduling nodes are intended to
facilitate distributed multi-rack implementations. In such an
implementation, the switch elements would be connected by
copper or fiber cables, realizing bidirectional point-to-point
channels. This practical arrangement calls for a two-level fat-
tree topology. If we ignore shortest-path routing (i.e. if we
always route packets through root nodes), the fat-trees are
functionally equivalent to the Clos networks that we consider
here.

Also, it would be desirable to route control messages over
the same physical links as data [15]. To do so without
compromising bandwidth, the links must run faster. However,
as described above, the overhead is fairly low. In practice,
the overhead becomes significantly small if we consider that
one request or grant message may correspond to multiple
packets from the same flow, and that control messages can
be piggybacked in data packets. Note that it is also possible
to logically partition the capacity of links into data and control
slices.

8 . DISCUSSIONS

Proactive buffer reservations bear a few similarities to TCP,
in the sense that both schemes control the flow towards
endpoint buffers. However, there are important differences
between the two, which are critical for high-performance
switching fabrics. First, the endpoint buffers that TCP flow
controls are located in the network stack of the receiving
host; hence TCP cannot make any guarantees about the filling
level of the fabric buffers that we bound with proactive buffer
reservations. Second, TCP reduces the congestion window
upon detecting packet drops. In contrast, the proactive scheme
that we propose takes informed proactive decisions, and does
not rely on conservative rate control to ensure stability [26].
In addition, by incorporating scheduling in output buffer
allocation, the proposed scheme allocates exact fair rates to the
competing flows, and can schedule short flows on time. On the
other hand, TCP converges to an approximately fair allocation
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after several RTTs, and may mistreat badly the delay-sensitive
short-lived flows that are blooming in datacenters [27]. Finally,
by not relying on packet drops to detect congestion, as TCP
does, proactive buffer reservations do not suffer from long
timeouts, which can further increase the completion time of
delay-sensitive flows.

Having acknowledged the aforementioned shortcomings of
TCP in datacenter networks, recent research has been exam-
ining efficient TCP variants. These mainly aim at reducing
the large in-fabric backlogs and the excessive packet drops
of traditional TCP in order reduce packet delays and to tackle
TCP incast congestion [17]. With proactive buffer reservations,
we minimize the in-fabric delays by keeping the backlogs at
the input VOQs, allowing inside the fabric only an admissible
portion of traffic. The cost of such informed decisions is a
scheduling subsystem which nevertheless can be simplified in
an implementation.

It is frequently quoted that the request phase of proactive
schemes needlessly increases packet latency. In reality, the ex-
tra latency amounts to up to a couple of microseconds, which
is a no-issue considering that the deadlines of flow completion
times typically measure in milliseconds [17]. Furthermore,
a proactive scheme can save many tens of microseconds of
queuing, or even milliseconds, if we account for software
re-transmissions. For applications that are extra-sensitive to
latency, e.g. inter-processor communication, it is also possible
to bypass the request phase under suitable traffic conditions
[4], [16], [30].

In this paper, we separated the data network from the
scheduling network to emphasize the underlying principles
and some important trade-offs. Such a broader understanding
allows one to think of alternatives on how to separate data from
control in a cost-effective way. In addition, having separate
networks gives optimal results, and thus demonstrates the
full potential of the proposed methods. Additional results
in Sec. 6.5 showed that, for realistic packet sizes, similar
performance levels can be obtained when the two networks
are merged together.

9 . CONCLUSIONS

We proposed congestion control schemes based on proactive
fabric-buffer scheduling schemes. The methods that we de-
scribed unify the ideas of buffered and bufferless flow control
and scheduling. We also described centralized and distributed
implementations of the control/scheduling units, suitable for
distributed multi-rack implementations.

There are multiple positive interactions between multi-path
routing and fabric-buffer reservations. The former avoids per-
sisting contention on unlucky internal links that could other-
wise occur due to routing conflicts; this allowed us to simplify
the buffer reservations without compromising performance. On
the other hand, proactive buffer reservations enable multi-path
routing in the first place by bounding the size of re-sequencing
buffers. Finally, they both contribute to reducing the delay and
delay-jitter inside the fabric (since HOL blocking is minimized
equally across all possible paths), thus also minimizing the
additional latency incurred at the re-sequencing unit.

Extensive and detailed computer simulations of the com-
plete system demonstrated sophisticated QoS, including (a)
immunity of packet delay in the presence of multiple concur-
rent hotspots, (b) low in-fabric delays and delay variations,
and (c) weighted max-min fair allocation on a per-port basis.
As demonstrated in Sec. 6.5, using the proposed methods, the
delay of non-congested packets slightly exceeds 10 microsec-
onds with fabric utilization up to 80 percent.

As future work, we plan to investigate how to eliminate
the need for intra-fabric backpressure from the first two fabric
stages.
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