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Abstract— Virtual Output Queuing is widely used by highspeed packet switches to overcome head-of-line blocking. This
is done by means of matching algorithms. In fixed-length VOQ
switches, variable-length IP packets are segmented into fixedlength cells at the inputs. When a cell is transferred to its
destination output, it will stay in the reassembly buffer and wait
for the other cells of the same packet before the entire packet
can depart the system. The delay a packet suffers in the system
includes the waiting time in the VOQ, the widely studied cell
delay, and the waiting time at the output reassembly buffer,
the reassembly delay often ignored in many papers. Among
all existing matching algorithms, Maximum Weight Matching
(MWM) has the lowest average cell delay. In this paper, we
investigate the average packet delay, one of the key performance
measure for an input buffered packet switch. A new class of
matching algorithms, PDA-MWM, is defined and proved to be
stable under all admissible traffic. Three PDA-MWM matching
algorithms are studied by simulation. We show that, in order to
achieve low packet delay, there is a tradeoff between the cell delay
performance and the reassembly delay performance. If both of
them are carefully considered, a matching scheme can greatly
reduce the packet delay as compared to MWM.
Index Terms— Switching, scheduling, Virtual Output Queueing, stability, delay performance.

I. I NTRODUCTION
WITCHING technology continues to be one of the bottlenecks in the development of broadband networks as the
traffic continues to double every year. Fixed-length switching
technology is widely accepted as an approach to achieving
high switching efficiency for high-speed packet switches.
Packet switches based on Input Queuing (IQ) are desirable for
high speed switching, since the internal operation speed is only
moderately higher than the input line speed. However, an Input
Queuing switch has a critical drawback [1]: the throughput
is limited to 58.6% due to the head-of-line (HOL) blocking
phenomena. Output Queuing (OQ) switches have optimal
delay-throughput performance for all traffic distributions, but
the N-times speed-up for the memory operation speed limits
the scalability of this architecture. Virtual Output Queuing
(VOQ) is used to overcome these drawbacks and combine the
advantages of the Input Queuing and the Output Queuing. In
a VOQ switch, each input maintains N queues, one for each
output. By using VOQ and an appropriate matching algorithm,
no additional speedup is required and HOL blocking can be
eliminated.
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Matching algorithms are used to resolve output contention
by scheduling the input-output connections in each time slot.
One key performance of a matching algorithm is the throughput. It has been proved that by using a maximum weight
matching algorithm (MWM), 100% throughput can be reached
for independent, identically distributed (i.i.d.) arrivals (uniform
or nonuniform) [2], [3]. Because of the high complexity of
MWM, maximal matching algorithms [4], [5], [6], [7], [8], [9],
[10], [13] have been proposed to approximate MWM, but they
cannot guarantee 100% throughput without speedup. Recently,
some matching algorithms [11], [12], [13], [14], which are
not MWM but can still guarantee 100% throughput without
speedup have been devised.
Another important performance measure for a matching algorithm is the average delay. In fixed-length switches, variablelength IP packets are segmented into fixed-length cells at the
inputs by the Input Segmentation Module (ISM), and then the
cells are placed in the corresponding VOQ. When a cell is
transferred to its destination output, it will stay in the Output
Reassembly Module (ORM), and wait for the other cells of the
same packet. After the complete reception of all the cells of the
same packet, these cells will be reassembled into a packet. The
delay a packet suffers before it is delivered to its destination
output line includes the waiting time in the VOQ, and the
waiting time at the output reassembly buffer. The waiting time
in the VOQ is actually the widely studied cell delay, while the
reassembly delay is often ignored in many papers. Among all
existing matching algorithms, MWM is conjectured to have
the optimal cell delay performance. However, the packet delay
performance has not been well studied in previous work. In
[13] and [14], a simple matching algorithm, HE-iSLIP, has
been shown to achieve packet delay performance comparable
to MWM. In this paper, we investigate the issue of how
to improve the packet delay performance in VOQ switches,
and present a new class of stable matching algorithms which
have the same implementation complexity as MWM and can
provide lower average packet delay than MWM. Simulation
result gives us the important insight that, in order to achieve
low packet delay, there is a tradeoff between the cell delay and
reassembly delay. When both of them are carefully considered,
the average packet delay of a matching algorithm can be much
lower than that of MWM. Note that we do not look at the
implementation complexity in this paper and solely focus on
the issue of how much the packet delay performance can be
improved.
In section II, a new class of matching algorithms, Packet
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Delay-Aware MWM (PDA-MWM) is presented. We prove that
PDA-MWM is stable under any admissible arrival traffic. In
section III, three member algorithms of the PDA-MWM class
are investigated, and their delay performance is compared to
that of MWM by simulation. We show that all these schemes
can efficiently reduce the average packet delay by carefully selecting functions and parameters used in the schemes. Section
IV concludes this paper.
II. PACKET D ELAY-AWARE MWM
At time t, let Q(t) = [qij (t)]N ×N , where qij (t) is the queue
length of V OQij at time t. The weight of a schedule M (t),
which is the sum of the lengths of all matched VOQs, is
denoted by
W (t) = M (t), Q(t).
(1)
Theorem 1 ([15]) Let W ∗ (t) denote the weight of maximum weight matching scheduling at time t, with respect
to switch state Q(t). Let W B (t) denotes the weight of a
scheduling algorithm B at time t. Further, B has property that,
W B (t) ≥ W ∗ (t) − f (W ∗ (t)), for all t, where f (.) is a sublinear function. Then, the scheduling algorithm B is stable
under any admissible Bernoulli i.i.d. input traffic.
We consider a new class of matching scheme as follows.
Define Ψ(t) = [ψij (t)]N ×N , and
Ψ(t) = Q(t) + C(t),

Combining equations (6) and (7), we have
 (t) ≥ W ∗ (t) − f (W ∗ (t)),
W

(8)

(t), C(t) − M ∗ (t), C(t) is a subwhere f (W ∗ (t)) = M
linear function. Therefore, according to Theorem 1, the new
matching algorithm is stable under any admissible Bernoulli
i.i.d. arrival traffic.
In fixed-length switches, when a cell is transferred to its
destination output, it will stay in a buffer and wait for the other
cells of the same packet. After the complete reception of all the
cells of the same packet, these cells will be reassembled into a
packet. The delay a packet suffers before it is reassembled into
a packet and delivered to its destination includes the cell delay,
and the waiting time at the output reassembly buffer, which
is often ignored in many papers. Among all existing matching
algorithms, MWM achieve the lowest average cell delay. Other
schemes, which do not achieve maximum weight match in
each time slot, may not give as low an average cell delay
as MWM. In the new class of algorithms discussed above, if
C(t) is carefully selected, it is possible to greatly reduce the
reassembly delay at the cost of slightly higher cell delay, and
therefore achieve lower average packet delay than MWM. We
therefore refer to these algorithms as being members of the
Packet Delay-Aware MWM (PDA-MWM).

(2)

where C(t) = [cij (t)]N ×N , and 0 ≤ cij (t) ≤ K, 0 ≤ i, j ≤
N , K < ∞. In each time slot, a maximum weight match,
which is calculated with respect to Ψ(t) (not to Q(t) as in
MWM), is used to schedule the packet transmission.
Theorem 2 A matching algorithm as described above is
stable under any admissible Bernoulli i.i.d. input traffic.
Proof: According to equation (2), we have
ψij (t) = qij (t) + cij (t).

(3)

(t),
At time t, denote the match using the new scheme as M
∗
and the match using MWM as M (t). We therefore denote
(t) as
the weight of M
 (t) = M
(t), Q(t),
W

III. D ELAY P ERFORMANCE OF PACKET D ELAY-AWARE
MWM ALGORITHMS
In this section, we investigate three PDA-MWM algorithms
and compare their delay performance to MWM. For a more
realistic evaluation of switch performance, we consider the
following average delays in our simulation.
•

•

(4)
•

and the weight of M ∗ (t) as
W ∗ (t) = M ∗ (t), Q(t),

(5)

Cell delay: the delay a cell suffers from the time it enters
the system to the time it is transferred from the input to
its destined output.
Reassembly delay: the delay a cell suffers from the time
it is transferred to it destined output to the time it is
reassembled and departs the system.
Packet delay: as in [13] and [14], the packet delay of a
packet is measured from the time when the last cell of a
packet enters the system to the time it departs.

All simulation results shown in this paper are for a 32x32
switch under uniform traffic. Two different packet patterns are
considered in is paper, as follows.

Then,
 (t) = M
(t), Q(t)
W
(t), Ψ(t) − C(t)
= M
(t), Ψ(t) − M
(t), C(t)
= M

•

(t), C(t)
M ∗ (t), Ψ(t) − M
(t), C(t)
= M ∗ (t), Q(t) + C(t) − M
(t), C(t)
= M ∗ (t), Q(t) + M ∗ (t), C(t) − M

•

≥

(t), C(t).
= W ∗ (t) + M ∗ (t), C(t) − M

(6)

Since 0 ≤ cij (t) ≤ K,
(t), C(t) ≤ N K.
−N K ≤ M ∗ (t), C(t) − M

(7)

Pattern 1, the packet length is fixed with a size of 10
cells.
Pattern 2 is based on the Internet traffic measurements
from [16], where 60% of the packets are 44 bytes,
20% are 552 bytes, and the rest are 1500 bytes. In our
simulation, we assume a cell payload of 44 bytes and
define the packet size distribution as follows: the size
of 60% of the packets is 1 cell, the size of 20% of the
packets is 13 cells, and the size of other packets is 34
cells. The average packet size is 10 cells.
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The average reassembly delay for packet pattern 2.

The average packet delay for packet pattern 1.

A. PDA-MWM algorithm 1
If a VOQ was served in time slot t − 1, and is not empty
at time t, we say that this VOQ satisfies condition 1. In PDAMWM algorithm 1, we define C(t) as follows:

Γ, if V OQij satisfies condition 1;
cij (t) =
(9)
0, Otherwise.
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The average packet delay for packet pattern 2.
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In the above equation, Γ is a constant integer number. When
Γ is small, algorithm 1 is close to MWM. When Γ is large,
algorithm 1 is close to an exhaustive service MWM algorithm,
in which all cells in a VOQ is served continuously until the
VOQ is empty if the VOQ is matched, and MWM is used
in each time slot for a subset of VOQs that are not currently
matched.
In this algorithm, when Γ > 0, if a VOQ is matched at time
t−1, it has a better chance to be matched at time t. Therefore,
packets in the same VOQ are likely to be served continuously,
which usually leads to lower reassembly delay.
Figures 1 and 2 shows the average packet delay under
packet patterns 1 and 2, respectively. For both packet patterns,
algorithm 1 (with Γ = 100) gives a lower average packet delay
than MWM. According to our simulation, by setting Γ = 100,
if a VOQ is matched at a particular time, usually the match
for that VOQ is kept unchanged until all cells in the VOQ are
served. Packet pattern 2 is close to the real traffic in Internet. In
figures 3 and 4, the average cell delay and average reassembly
delay of different matching schemes under packet pattern 2 are
compared, respectively. They show that algorithm 1, compared
to MWM, has a higher cell delay. However, its reassembly
delay is the lowest among MWM and all the other schemes
discussed in this paper.
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If a VOQ was served in time slot t − 1, and its Head of
Line (HOL) packet is in the middle of servic at time t, we say
that this VOQ satisfies condition 2. In PDA-MWM algorithm
2, we define C(t) as follows:

Γ, if V OQij satisfies condition 2;
(10)
cij (t) =
0, Otherwise.
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In the above equation, Γ is a constant integer number. When
Γ is small, algorithm 2 is close to MWM. When Γ is
large enough, all cells in a packet are likely to be served
continuously.
In algorithm 2, when Γ > 0, if a VOQ is matched at time t−
1 and the HOL packet is partially served, it has a better chance
to be matched at time t. Therefore, cells in the same packet
are likely to be served continuously, so that the reassembly
delay can be lowered.
As shown in figures 1 and 2 for the two packet patterns,
the average packet delay of algorithm 2 (with Γ = 100) is
much lower than MWM, and is slightly lower than algorithm
1. According to our simulation, by setting Γ = 100, if a VOQ
is matched at one time, usually the match is kept until all cells
in the HOL packet are served.
In figures 3 and 4, with packet pattern 2, it is interesting
to see that algorithm 2 has a lower cell delay but a higher
reassembly delay than algorithm 1. The reason that MWM
always leads to the lowest cell delay is probably because
MWM always achieves the maximum weight match (in the
sense of queue length) in each time slot. It is likely that in a
matching scheme, if the weight of the match (in the sense
of queue length) in each time slot is close to the weight
of match achieved by MWM, the average cell delay in this
scheme will be lower than other schemes with smaller match
weights. In algorithm 1 and algorithm 2, it is likely that
VOQs satisfying condition 1 and condition 2, respectively,
will keep their matches from the previous time slots, and other
VOQs will be matched using MWM. Compared to algorithm 1,
algorithm 2 achieves ‘better’ schedules because VOQs release
their matches more frequently so that more VOQs are involved
in being matched to each other by MWM. Therefore, the
average weight of matches in algorithm 2 is larger than that
of algorithm 1, which leads to a lower cell delay. On the other
hand, there is always a tradeoff between the cell delay and the
reassembly delay. In order to achieve low packet delay, both
the cell delay and the reassembly delay performance have to
be carefully considered.
C. PDA-MWM algorithm 3
If the HOL packet of a VOQ is partially served at time
t, we say that this VOQ satisfies condition 3. Condition 3 is
different from conditions 1 and 2 in that at one time, at most
N VOQs may satisfy condition 1 and at most N VOQs may
satisfy condition 2, while there could be more than N VOQs
satisfying condition 3.
In PDA-MWM algorithm 3, we define C(t) as follows:

f (kij (t)), if V OQij satisfies condition 3;
cij (t) =
0,
Otherwise.
(11)
kij (t) is the number of remaining cells of the HOL packet of
V OQij . f (kij (t)) is a function of kij (t) and is bounded by a
finite number Λ, so that
0 ≤ f (kij (t)) ≤ Λ.

(12)

f (k) can be defined in many ways. In this paper, we define it
as follows:
(13)
f (k) = a(Kmax − k) + b.

where Kmax is the maximum length of a packet in cells, and
a and b are two constants.
When a = 0 and b = 0, algorithm 3 is actually MWM.
When a = 0 and b = 0,

b, if V OQij satisfies condition 3;
(14)
cij (t) =
0, Otherwise.
The larger b is, the higher priority will
packets.
When a = 0,

 a(Kmax − kij (t)) + b,
cij (t) =

0,

be given to unfinished

if V OQij satisfies
condition 3;
Otherwise.
(15)
Thus, a HOL packet which has fewer cells left is more likely
to be served than those packets which have more cells left,
as well as those HOL packets which have not been served. In
this way, when most of the cells in a packet have been served,
instead of letting them wait in the reassembly buffer for a long
time, the rest of the packet (which only has a few cells) will be
served before the idly. Therefore, the entire packet can depart
the system earlier and the average reassembly delay can be
reduced. The larger a is, the higher priority will be given to
short unfinished packets.
In order to achieve low packet delay, it is very important
to choose a and b carefully to keep both cell delay and
reassembly delay relatively low. In figures 5, 6 and 7, we
show the packet delay, cell delay and reassembly delay of
algorithm 3, respectively, for different choices of a and b under
arrival rate 0.95. Again, these figures clearly show the tradeoff
between the cell delay performance and the reassembly delay
performance. Among all pair of a and b, we look at the
following cases as examples:
• case 1, when a = 0 and b = 0 (MWM)
• case 2, when a = 1 and b = 0
• case 3, when a = 0 and b = 10
• case 4, when a = 2 and b = 0
• case 5, when a = 4 and b = 100
Simulation result shows that case 1 gives the lowest cell
delay, while in cases 2 and 3 the cell delay is very close to
case 1. This is because that in cases 2 and 3, the VOQ weight
used to calculate the match is not changed a lot from MWM,
so that the matches are close to maximum weight matches.
On the other hand, case 5 favors short unfinished packets the
most and therefore achieves the lowest reassembly delay. Case
4 behaves somewhere between cases 2 and 3 and case 5. By
taking account of both cell delay performance and reassembly
delay performance, case 2 gives the lowest average packet
delay.
According to the result on similar simulation for packet
pattern 1, we find that the average packet delay is the lowest
in case 4.
For cases 2 and 4, the packet delay performance for packet
pattern 1, and the packet delay, cell delay and reassembly
delay performance for packet pattern 2 are shown in figures
1, 2, 3 and 4, respectively. Among all schemes discussed in
this paper, algorithm case 4 gives the lowest packet delay for
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delay, there is a tradeoff between the cell delay and the
reassembly delay. We show that, compared to MWM, the
average packet delay can be significantly reduced if both of the
cell delay performance and the reassembly delay performance
are carefully considered.
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packet pattern 1, and case 2 gives the lowest packet delay for
packet pattern 2.
IV. C ONCLUSIONS
In fixed-length VOQ switches, variable-length IP packets
are segmented into fixed-length cells at the inputs, and the
cells are placed in the corresponding VOQ. When a cell is
transferred to its destination output, it will stay in the reassembly buffer and wait for the other cells of the same packet
before the entire packet can depart the system. Therefore,
the delay a packet suffers in the system includes the waiting
time in the VOQ (the cell delay), and the waiting time at
the output reassembly buffer (the reassembly delay). The cell
delay performance has been well studied in previous work,
while the reassembly delay is often ignored in many paper.
Among all existing matching algorithms, MWM gives the
best cell delay performance. However, the question of the
best achievable, i.e., optimal, packet delay performance for
a matching algorithm is still open.
In this paper, we investigate the average packet delay of
a input buffered packet switch, which has not been well
studied in previous work. A new class of matching algorithms,
PDA-MWM, is defined and proved to be stable under all
admissible Bernoulli i.i.d. arrival traffic. The packet delay,
cell delay and reassembly delay performance are studied for
three PDA-MWM matching algorithms. An important insight
given by this work is that, in order to achieve low packet
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