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Abstract—Virtual Output Queuing (VOQ) is widely used by
input-queued (IQ) packet switches to eliminate the head-of-line
(HoL) blocking problem. A lot of research has been devoted to
design iterative arbitration algorithms to maximize the
throughput of this architecture. Nevertheless, these approaches
require either a high computation complexity or large contention
resolution times for high-speed switches. We investigate in this
paper the performance of various such algorithms and based on
the analysis of pointer desynchronization effect, we propose a
new algorithm approximating maximum size matching (MSM)
called Selective Request Round Robin (SRRR) which performs
extremely well under various traffic models and is easy to
implement in hardware.

I. INTRODUCTION

The traditional output queuing (OQ) switch structure is
appreciated for its optimal performance. OQ switches can
always achieve 100% throughput. However, the high internal
speed required makes it impractical. In contrast, input queuing
(IQ) switches are designed to operate with a switching fabric
running at an internal rate equal to the external link speed.
Unfortunately, when using a first-in-first-out (FIFO) queuing
discipline at the input queues, due to head-of-the-line (HoL)
blocking problem, they only provide a maximum throughput
of 58.6% [1] under uniform traffic.

An architecture called virtual output queuing (VOQ) [2] is
proposed to solve the HoL problem. Rather than maintaining a
single FIFO queue for all packets, each input maintains a
separate queue for the packets directed to different outputs.
Using this architecture, its performance essentially depends on
its scheduling (arbitration) algorithm. A good algorithm
should achieve high performance, work fast and be simple to
implement in hardware.

Many scheduling algorithms have appeared in the
literature. They can be classified into two types:
approximating maximum size matching (MSM) and
approximating maximum weight matching (MWM). Although
the MWM algorithms have been proved to achieve 100%
throughput under any traffic [4][5], they are too complex to be
implemented and have a high running time (O(N’logN)). A
class of matching algorithms based on randomized selection
has been proposed to achieve high throughput [14][15]. These
randomized matching algorithms require computations and
comparisons of the sum of the weight for each matching
VOQ-output pair in every time slot, thus the computation
complexity is still high. In [16][17], it has been shown that
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holding the matches of busy flows for longer time is beneficial
to achieve higher switching performance than using a complex
matching policy. Meanwhile, the performance of cell and
packet based switching modes have been shown with some
performance differences [18]-[21].

Despite great achievements and advances, traditional
single-stage cell-based MSM algorithms still dominate the
industrial market because of their simplicity and ease of
hardware implementation. Therefore, in this paper, we
concentrate on a group of more practical algorithms, including
PIM [2], RRM [6], iSlip [6], iLRU [7], DRRM [8], FIRM [9],
EDRRM [13] etc., and evaluate their performances.

In this paper, we propose a new algorithm approximating
MSM called SRRR (Selective Request Round Robin). It
performs much better than the algorithms mentioned above, is
simple to implement and also works very fast.

The rest of the paper is organized as follows. In Section I,
we introduce some background knowledge of iterative
algorithms that approximate MSM. In Section III, we present
the formal specifications of our algorithm. The simulation
results are demonstrated in Section IV. Section V gives a
possible hardware design of our algorithm. Finally, Section VI
concludes the paper.

II. RELATED WORK

A.  Maximum Size Matching

The scheduling problem in an N x N switch is modeled
using a bipartite graph (See Figure 1), where each part
contains N nodes, and one part corresponds to the input ports,
while the second part to the output ports. The requests from
input queues to the corresponding output ports are represented
as edges, creating a bipartite graph.

« Inputs. - Output

FIGURE 1. BIPARTITE GRAPH

The maximum size matching for a bipartite graph can be
found by solving an equivalent network flow problem [10]
and the algorithm is called maxsize here. The most efficient
algorithm converges in on*?) time [11]. Although it is
guaranteed to find a maximum match, it is too complex to
implement in hardware and takes too long time. We will
introduce some practical algorithms next.
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TABLE I. POINTER UPDATING SCHEMES

Input Output
No grant Granted No request | Grant accepted Grant not accepted
RRM | unchanged | one location beyond the unchanged | one location beyond the one location beyond the
accepted one granted one granted one
iSlip unchanged
FIRM the granted one

B. A Group of Practical Algorithms

There exists a group of algorithms that are easy to
implement in hardware. They only take into consideration
whether each VOQ is occupied or not, to make the scheduling
decision and try to approximate MSM. The calculation of the
matching is performed in an iterative fashion, where each
iteration augments the matching calculated so far. In each
iteration, the inputs send requests to the outputs, then each
output selects one request independently and issues a grant to
it, at last each input chooses one grant to accept. In each of the
following iterations, only the unmatched inputs and outputs
will be considered.

PIM (Parallel Iterative Matching) [2], RRM (Basic
Round-Robin Matching) [6] and iLRU (Iterative Least
Recently Used) [7] do not provide good performance. The
highest throughput under uniform traffic is no more than 65%.
Please refer to [6][7] for simulation results. However, it is still
meaningful to mention them, because, for example, the idea of
RRM was further developed to iSlip, which is currently being
used by Cisco products.

The main characteristic of iSlip is it simplicity: it is readily
implemented in hardware and can operate at high speed. The
performance is also good. For uniform i.i.d. Bernoulli arrivals,
iSlip is stable for any admissible load. It means that 100%
throughput can be achieved. iSlip works in this way:

Step 1. Request. Each input sends a request to every
output for which it has a queued packet.

Step 2. Grant. If an output receives any requests, it
chooses the one that appears next in a fixed, round-robin
schedule starting from the highest priority element. The output
notifies each input whether or not its request was granted. The
pointer to the highest priority element of the round-robin
schedule is incremented (module N) to one location beyond
the granted input if and only if the grant is accepted in Step 3.

Step 3. Accept. If an input receives a grant, it accepts the
one that appears next in a fixed round-robin schedule starting
from the highest priority element. The pointer to the highest
priority element of the round-robin schedule is incremented
(module N) to one location beyond the accepted one.

FIRM (FCFS In Round Robin Matching) was proposed in
[9]. The algorithm is almost the same as iSlip. We list in
Table I, the difference between RRM, iSlip and FIRM in
updating their pointers, which is the main difference among
them. The updating scheme plays an important role in
improving the performance.

DRRM (Dual Round Robin Matching) scheme [8] is a
little bit different from the conventional model we conclude
from the previous iterative algorithms: request-grant-accept. It
is rather a 2-step algorithm: request and grant. The secret of

removing one step is that in the request stage, each input only
makes one request instead of sending out all the requests. The
inputs choose one among the non-empty VOQs and the
outputs choose one among the requests received, using the
same scheme of iSlip. By symmetry, we expect the
performance will be quite similar to iSlip under uniform
traffic. The advantage of DRRM is that it has less control
information transmission time.

EDRRM (Exhaustive Dual Round Robin Matching)
scheme [13] performs service exhaustion in an achieved
match by keeping the match between a queue and an output
port until the occupancy of the matched queue is exhausted.
This scheme has shown a throughput higher than iSlip and
DRRM under non-uniform traffic patterns at the cost of
reduced performance under uniform traffic.

III. THE SRRR ALGORITHM

We propose a new algorithm Selective Request Round
Robin (SRRR). We will first use an example to explain the
idea of this algorithm and then formally specify it.

A.  Idea of the Algorithm

This example is generated from the simulation of FIRM
for an 8x8 switch under uniform i.i.d. Bernoulli traffic.

Table IT shows the pointers to highest priority elements for
inputs and outputs at the beginning of a time slot. Table III
shows the length of VOQs at the beginning of this time slot. If
FIRM is used, the grants sent by the outputs are listed as
follows.

Output | 1 |23 [4[5]|6]7]8
Grant [6 (643 [4[1[8]8

Only 5 inputs get granted, so only 5 packets can be sent in
this slot. Why is this? The pointers at the outputs are in fact
fully desynchronized, such that they do not match with the
traffic very well. For example, the highest priority input of
output 2 is 5, but there is no traffic requirement from input 5
to output 2, and according to the “choosing the next” scheme,
output 2 chooses input 6 instead, which is also selected by
output 1. The same thing happens for output 5 and 8. We hope
somehow, to prevent output 2 from choosing input 6, as
output 1 seems to have more right to choose input 6 as that is
its highest priority one. Output 2 fails to choose its highest
priority input, but it is better not to “grab” others’ highest
priority ones.

So the idea is that instead of sending out all the requests,
the inputs will choose appropriately part of the requests to
send, preventing the outputs conflict if they fail to choose
their highest priority inputs. Then how to choose the requests?
In the example above, if input 6 knows that itself is the
highest priority input of output 1, and it happens that there is a
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TABLE II. POINTERS TO HIGHEST PRIORITY ELEMENTS

Output 1 2 3 4 5 6 7 8
Pointer 6 5 4 3 2 1 8 7
Input 1 2 3 4 5 6 7 8
Pointer 6 5 4 3 2 8 1 7
TABLE III. LENGTH OF VOQS
Qutput 1 2 3 4 5 6 7 8
Input
1 4 0 1 3 5 5 4 1
2 3 1 6 4 0 2 2 5
3 1 1 6 4 0 11 2 3
4 1 6 12 2 1 5 1 6
5 1 0 2 7 8 1 3 0
6 17 4 5 0 6 1 0 0
7 5 2 5 1 3 2 1 0
8 8 1 4 9 3 2 2 2
TABLE IV. FILTERED REQUESTS
Qutput
m\l’ 1 2 3 4 5 6 7 8
1 N
2 N N N v N N N
3 v
3 v
5 v v v v v v
6 N
7 v v v v v v v
8 v
TABLE V. POINTER UPDATING SCHEME OF SRRR
Input Output
No grant Granted No request Grant accepted Grant not accepted
SRRR | unchanged | one location beyond the accepted one | incremented by 1 | one location beyond the granted one | the granted one

packet from input 6 to output 1, it makes sure that output 1
will send a grant to it. So, input 6 just reserves itself for output
1 by only sending this request, thus preventing other outputs
sending grants to it.

In Table IV, we list the requests after filtering (the detailed
algorithm will be described later). A tick means there is a
request. Now let us see how the outputs send grants now:

Output | 1 |2 |3 [4[5]6]|7|8
Grant [ 6|7 |43 |5|1]8]2

Each output is granting a different input, so the maximum
size matching is made. From this example, we can see that by
filtering out some requests which are unlikely to be accepted
even if they are granted, we can improve the performance.

B.  Algorithm Specification

SRRR is composed of 4 steps: pointer transmission,
request, grant and accept.

Step 1: Pointer Transmission.

Each output sends a signal to its highest priority input. In
the previous example, output 1 sends a signal to input 6,
output 2 sends a signal to input 5, etc. After this step, each

input knows which outputs having their highest priorities on it.

An input may receive several signals from different outputs as
the pointers are not always desynchronized.

Step 2: Request.

For each input, it checks for each VOQ where a signal
from the corresponding output is received in step 1.

1. For each such VOQ, if there is any packet waiting, a
request will be made for the corresponding output.

2. If for all such VOQs, no packet is waiting, the input will
send all the requests.

In the previous example, input 2 gets a signal from output
5, but there is no packet from input 2 to output 5 waiting to be
served, so input 2 send all the requests (to output 1, 2, 3, 4, 6,
7 and 8). Input 6 gets a signal from output 1 and there is a
packet from input 6 to output 1, then input 6 only sends the
request to output 1.

Step 3: Grant.

It works the same as iSlip or FIRM. Pay attention that they
are not the same substantially as the sets they choose from are
different.

Step 4: Accept.
It is also the same as that of iSlip or FIRM.

The last important thing is how to update the pointers. The
input side will be the same as iSlip or FIRM. For the output
side, if the grant is not accepted, it will be updated to the
granted one like FIRM, as it provides better desynchronization.
What is different is that when there is no request received, no
matter in iSlip or FIRM, the pointer remains unchanged. In
our case, it will be incremented by one. The reason is that not
receiving requests doesn’t mean there is no traffic actually;
doing so helps desynchronizing the pointers under heavy
traffic loads. The updating scheme is summarized in Table V.



This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE ICC 2011 proceedings

IV. SIMULATION RESULTS

The simulation results are gathered from a 32x32 switch.
Delay is only the period of time a packet spends waiting in a
VOQ before being scheduled. Each point in the figures runs
for 200,000 time slots (packet time), and the statistics are
gathered from the 20,000th time slot. Average delay is got
from all the packets outputted during this period of time.
Relative average delay is average delay divided by that of an
output-queued switch. By normalized load, we mean the
percentage of time slots which have packets coming in,
averaged over all inputs.

We evaluate the different algorithms under four traffic
models: uniform, bursty, hotspot and cross-shaped. For
uniform traffic, the packets are Bernoulli arrivals, i.i.d., with
destinations uniformly distributed over all outputs. For bursty
traffic, busy and idle periods appear alternatively; in a busy
period, there is a packet arriving in each time slot; in an idle
period, there is no packet arriving in any time slot. The
average loads for the inputs are the same, and the destinations
are uniformly distributed burst by burst over all outputs. The
traffic matrix of hotspot traffic is like (for a 4x4 switch):

X
X
X

o R R

N
=
o o®r R

X

If output 0 is the “hotspot” and each flow is Bernoulli,
then the traffic matrix of cross-shaped traffic is like (for a 4x4
switch):

S ® O

0
X
0

oS % O
LT TR 1

(=]

0

In our simulation, we only consider admissible traffic,
which means that no input or output is overloaded. The
following figures show the results of one iteration.

(=]
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B0

o—  ISLIP
50 - F—=1  FIRM
+——* DRRM

Relative average delay
]
o

0.1 0.2 0.3 0.4 0.5 0.6 o7 0 (R=] 1
Mormalized load

FIGURE 2. RELATIVE AVERAGE DELAY UNDER UNIFORM TRAFFIC

Figure 2 shows the results under uniform traffic. We can
see that the performance of iSlip and DRRM is very close.
FIRM has better performance than them under high load
(>0.7). SRRR has lower average delay than all of the three
algorithms for any load, especially when 0.6<load<0.9.

The results under bursty traffic with burst size 16 are
shown in Figure 3. FIRM shows no advantage over iSlip and
DRRM, while SRRR is still obviously better than the others.

Under hotspot traffic (Figure 4), FIRM and iSlip shows
similar performance, with FIRM a little worse. SRRR is still
much better than these two algorithms. However, DRRM
shows especially good result. It is because the unbalance
happens on the outputs, with inputs making decisions of what
matches to make; more matches can be made each time. We
can imagine that if the hotspot is on an input, the performance
of DRRM will not be good.

32x32 Switch under uniform bursty trafic (average burst size:16)
40

Relative average delay
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il
01 0.z 0.3 0.4 0.5 0.8 0.7 0.8 0.8 1
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FIGURE 3. RELATIVE AVERAGE DELAY UNDER BUSTY TRAFFIC
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FIGURE 4. RELATIVE AVERAGE DELAY UNDER HOTSPOT TRAFFIC
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FIGURE 5. RELATIVE AVERAGE DELAY UNDER CROSS-SHAPED TRAFFIC

Under cross-shaped traffic (Figure 5), SRRR is much
better than the other algorithms, even maximum size matching
(MSM). The performance of DRRM is especially bad under
higher load. This is an example to show MSM’s instability
under non-uniform traffic. Even it can achieve the
performance of an OQ switch under uniform traffic, the
algorithm itself is too complex for hardware implementation.

From the above results, we can see that our new algorithm
SRRR is much better than the other algorithms we have
considered no matter in what kind of traffic model we use. In
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fact, the traffic models we have considered cover most cases,
even some extreme cases. From our simulation results, for
more iterations (2-4), SRRR is still better than FIRM, iSlip
and DRRM.

V.IMPLEMENTATION OF SRRR

We have shown that SRRR has a very good performance.
In this section, we will show it is also easy to be implemented.
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FIGURE 6. IMPLEMENTATION OF SRRR

Figure 6 shows a possible implementation of SRRR. We
just add one stage to the iSlip implementation. In this new
stage, there are N request filters. Each one is responsible for
selecting which VOQs to send requests for an input. There are
two groups of inputs for each filter: one group is the state of
input queues; another group is the signals sent from grant
arbiters. Each grant arbiter has maintained a register of N bits,
with the value of its highest priority input. Here we show a
grant arbiter for an 8x8 switch. The second bit of the register is
set 1, with others 0, meaning the highest priority input is 2. The
8 bits will be inputs for the 8 filters respectively.

Fl’\i‘Fn Grant From|Grant

Arbjter 1 Arbiter 4
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AND Selecter
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2

FIGURE 7. DESIGN OF REQUEST FILTER

Figure 7 shows the design for each request filter for a 4x4
switch. For each selector, if input 3 is 1, the output will be
input 1; if input 3 is 0, the output will be input 2. The time
complexity of a filter is only O(logN) (because of leveled OR
gates), much less than that of an arbiter, which is O(N), if
ripple design is used. So this new stage only adds little
scheduling time to the original iSlip design. For the design of
grant and request arbiters, please refer to [6][12].

VI. CONCLUSION

In this paper, a practical scheduling algorithm for VOQ
structure — Selective Request Round Robin (SRRR) is
introduced. It achieves much better performance than other
practical algorithms under variant traffic models, without
adding much complexity to its hardware implementation.
SRRR meets the criterion of a good scheduling algorithm:

good performance, fast and simple to implement.
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