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Abstract- Virtual Output Queuing is widely used by fixed- 
length high-speed electronic switches to overcome head-of-line 
blocking. This is done by means of matching algorithms. These 
matching algorithms have typically been cell-based. That is, in 
every time slot, a new matching set is calculated and the switch 
fabric is updated to connect matched inputs and outputs. Fabric 
reconfiguration in an optical switch is not as fast as in an 
electronic switch. During reconfiguration, no data can be 
transferred. Given this overhead, it is not efficient to update 
connections between inputs and outputs for every time slot. In 
this paper frame-based matching algorithms for optical packet 
switches are presented, so that connections can be updated less 
frequently to reduce the bandwidth loss. The implementation 
complexity and performance of these schemes are studied. 

Zndex Terms- optical switching, scheduling, Virtual Output 
Queueing, exhaustive service, polling systems. 

I. INTRODUCTION 1 N a high-speed network, it is desirable to use optical 
switches as core switches. An all-optical packet switch is 

not feasible today due to the lack of optical devices for packet 
storage. In a practical hybrid switch, packet storage, 
processing, and arbitration can be implemented electronically, 
while packet switching is done by an optical switch. Switches 
with capacities beyond a few terabitdsec require optical 
interconnections between interconnect line cards and the 
switch fabric system. Thus, OpticaVElectronic (O&) and 
Electronic/Optical (EIO) conversion is required for the lines 
connecting line cards to the switch fabric. These conversions 
can be avoided by using an optical switch fabric. Also, an 
optical switch fabric is compact and low power as compared 
to an electronic switch. Furthermore, optical switches are 
“transparent” to the line bit rate, i.e., the switch fabric does 
not have to be upgraded as the line rate is increased. However, 
the switch fabric reconfiguration speed of an optical switch is 
slow. It is important to achieve high performance by designing 
a suitable scheduling and arbitration scheme for an optical 
switch. We focus on this aspect of the design of a hybrid 
optical switch in this paper. 

Switches based on Input Queuing (IQ) are desirable for 
high speed switching, since the internal operation speed is 
only slightly higher than the input line rate. However, an Input 
Queuing switch has a critical drawback [ 1,2]: 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 in the fabric limits the scalability of this 
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architecture. Virtual Output Queuing (VOQ) is used to 
overcome this drawback. In a VOQ switch, each input 
maintains N queues, one for each output. By using VOQ, no 
additional speedup is required and HOL blocking can be 
eliminated. We will therefore restrict our subsequent 
discussion to input queued switches with VOQs. 

Considerable work has been done on scheduling algorithms 
for VOQ electronic switches. These algorithms match input 
and output ports to maximize throughput. A maximum weight 
matching algorithm (MWM) finds the maximum weight 
matching and is proved to be stable [3,4,5]. But MWM is not 
practical to implement in hardware due to its complexity. 
Maximal matching algorithms [4,6], more practical than 
MWM, have been proved to be stable with a speedup of 2 
[7,8]. Iterative algorithms such as PIM [8] SLIP [5,9] and 
DRRM [10,11], use multiple iterations to converge on a 
maximal matching. Exhaustive service DRRM (EDRRM) 
[12,13], a variation of DRRM, improves switching 
performance under bursty and nonuniform traffic by using the 
exhaustive service discipline. Birkhoff-von Neumann switches 
[14] and its variation [15] use multiple stages to resolve the 
scheduling problem. A randomized scheduling algorithm 
presented by Tassiulas et a1 [I61 guarantee 100% throughput 
with low complexity but high delay. These matching 
algorithms, with the exception of EDRRM, have typically 
been cell-based. That is, in every time slot, a new matching set 
is calculated and the switch fabric is updated to connect 
matched inputs and outputs. 

In an optical switch, switch fabric reconfiguration is much 
slower than in an electronic switch. Among the technologies 
under consideration, micro-electro-mechanical-systems 
(MEMS) is the most promising technology for optical cross- 
connect switches [17]. The reconfiguration time of a MEMS 
switch is currently several milliseconds, and is expected to 
drop to the microsecond range. This contrasts with a packet 
transmission time of 32ns at lOGb/s when the packet length is 
40bytes. During the reconfiguration time, no data can be 
transferred. Given this overhead, it is not efficient to update 
connections between inputs and outputs at every time slot. 
Some work has been done to reduce the frequency of 
connection updates [18,19,20]. In [18], every K time slots are 
grouped into a frame. Contentions are resolved and a set of 
matchings is generated at each frame boundary for use over 
the next frame. In [ 191 a switch without overhead is emulated 
by accumulating a batch of configuration requests and 
generating a corresponding schedule for a switch with 
overhead. Speedup is required to compensate the overhead of 
switch configuration and time slots left empty by the 
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scheduling algorithm. In [20], a new method of using large 
frame sizes is proposed for switching variable sized packets 
over a crossbar switch to minimize reconfiguration frequency 
of the switch fabric. This method provides delay bounds. 

In this paper we present two classes of matching algorithms, 
fixed size synchronous frame matching and variable-size 
asynchronous frame matching, where connections can be 
updated less frequently to reduce the bandwidth lost. All these 
matching schemes, are suited to bursty traffic because of the 
frame mechanisms ability to absorb bursts. 

In a fixed size synchronou-matching scheme, 
K time slotrare- into a frame. One matching set is 
computed for each frame, and the switch fabric is updated 
only on frame boundaries. Since the time to compute the new 
matching set is not limited to one time slot, the complexity of 
a frame-based matching scheme can be higher than that of a 
cell-based matching scheme (where K is 1). Three frame- 
based matching algorithms are introduced in this paper. 
Frame-based MWM is proved to be stable under any 
admissible Bernoulli i i d .  traffic. However, the complexity for 
each arbitration is Ow3). Frame-based maximal weight 
matching can be used to approximate a frame-based MWM. 
The throughput is 100% under uniform traffic and close to 
100% under most nonuniform traffic patterns. The delay 
performance under uniform traffic is presented for different 
switch and frame sizes. The complexity of the frame-based 
maximal weight match scheme is O(N1gN). Frame-based 
multiple iteration weighted matching can be implemented in a 
distributed manner and the complexity can be further reduced 
to O(lg2N) for 1gN iterations. Simulation results show that 
with IgN iterations, frame-based multiple iterative weighted 
matching can achieve performance similar to that of frame- 
based maximal weight matching. 

In order to further reduce the overhead, an asynchronous 
variable-size frame matching scheme that only runs arbitration 
and updates connections when necessary, i.e., asynchronously, 
is presented. Exhaustive Service Dual Round-Robin Matching 
(EDRRM) [17,18] can be used in this manner with a small 
modification. Simulated and analytical performance of 
EDRRM that includes the impact of the reconfiguration time 
is presented. 

In section I1 we discuss fixed size synchronous frame 
matching schemes and their performances. In section 111, 
variable-size asynchronous frame matching is introduced. 

11. FIXED SIZE SYNCHRONOUS FRAME-BASED MATCHING AND 
CONNECTION UPDATING 

In a fixed size synchronous frame-based matching and 
connection updating switch, every K time slots are grouped 
into a frame, and switch fabric is only updated on frame 
boundaries. Since the time to compute the new matching set is 
not limited to one time slot, the complexity of a frame-based 
matching scheme can be higher than that of a cell-based 
matching scheme (when K is 1). 

If it takes m time slots to compute a new match, a frame- 
based matching scheme starts to perform arbitration for the 
next frame m time slots ahead by using the VOQ status at that 

m time slots m time slots 

Arbitration, 
for matching n+Z 

Update 

L time slots w Frame n, K time slots 

Fig. 1. An example of a fixed size synchronous frame-based 
matching scheme. 

time, and updating the matching set for cell transmission at the 
beginning of the next frame. An example of how a frame- 
based matching scheme works is shown in Fig. 1. The 
connection reconfiguration time L is included in each frame. 

In this section we present three kinds of fixed size 
synchronous frame-based matching schemes and simulation 
results for performance. For a fixed size synchronous frame- 
based matching scheme, the overhead introduced by 
reconfiguration time L is L K .  The bandwidth lost can be 
simply compensated by a speed up K/(K-L), where K is 
typically much larger than L.  

A.  Frame-based Maximum Weight Matching 
Among all cell-based matching schemes, Maximum Weight 

Matching (MWM) has been proved to be stable for any 
admissible traffic and has the best delay performance. A 
frame-based MWM does not find a maximum weight match 
for every time slot. Instead, it computes one matching for all 
time slots in a frame, which is a maximum weight matching 
based on the weight m time slots ahead of the frame boundary. 
As a corollary to a theorem from [21], we will now show that 
a frame-based MWM is stable under any admissible Bernoulli 
i.i.d. traffic. 

Theorem (Theorem 1, [21]) Let W*(t) denote the weight of 
maximum weight matching scheduling at time t, with respect 
to switch state Q(t). Let @(t) denotes the weight of a 
scheduling algorithm B at time t. Further, B has property that, 
wB ( t )  2 w * ( t )  - f ( W  * (t)) ,  vt, 
where f ( )  is a sub-linear function. Then, the scheduling 

algorithm B is stable under any admissible Bernoulli i.i.d. 
input traffic. 

Corollary A frame-based MWM is stable under any 
admissible Bernoulli i.i.d. traffic. 

Proof Suppose M*(t) is the maximum weight match at time 
t with weight W*(t), and M(t) is the match used in a frame- 
based MWM at time t with weight W(t). The weight of a 
matching can increase or decrease at most by N between two 
consecutive time slots. Assume to is the beginning time of a 
frame, and t €[to, to+K]. Then M(t) =M*(to-m) and W(t)> W*(to- 
m)-(K+m)N. Since W*(t-l)? W*(t)-N, W*(to-m)>W*(to)- 
(K+m)N. Therefore we have W(t)>W*(t)-2(K+m)N. Applying 
the above theorem, this proves that frame-based MWM is 
stable under any admissible Bernoulli i.i.d. input traffic. I 

The complexity of MWM is Ow3) [22] ,  which is not 
practical to implement, even with the relaxed timing available 
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under frame-based matching. For a practical optical switch 
simpler matching algorithms are needed. Two frame-based 
matching algorithms that approximate frame-based MWM are 
discussed next. ~ 

B. Frame-based Maximal Weight Matching 
MWM always find the matching set with the largest weight 

among N! possible input-output matching sets. One possible 
way to approximate MWM is to use a maximal weight 
matching algorithm. For an optical switch, a Frame-based 
Maximal Weight Matching algorithm, which finds a new 
matching set at each frame boundary, can be used to 
approximate Frame-based MWM with reduced complexity. 
The most straightforward maximal weight matching algorithm 
is to sort all N2 VOQs by weight (e.g. VOQ length) and 
always select the VOQs with the largest weights for service. 
The complexity of this sorting operation is O(N’1gN). Sorting 
VOQs in a distributed manner, at each input line card, can 
further reduce the complexity.to O(N1gN). The details of the 
algorithm are as follows. Suppose the algorithm takes m time 
slots to compute a new matching set, and the frame size is K 
time slots, as shown in Fig. 1. 

Step 1: At m time slots before a new frame starts, collect 
weights for all VOQs. At each input, sort all N VOQs by their 
weights in decreasing order. Let h=N. 

Step 2: Consider the h VOQs at the top of the h sorting lists. 
Select the one with the largest weight and match the 
corresponding input and output. Delete the sorting list of the 
corresponding input. Delete all VOQs destined to the 
corresponding output from the other sorting lists. 

Step 3: h = h -1. If h >O, go to step 2; otherwise, stop. 
Step 4: Update the matching set at the boundary of a new 

frame. 
The complexity of step 1 is O(1gN). Step 2 also takes 

O(1gN) steps, and at most N executions are needed, which 
leads to a complexity O(N1gN). 

C. Frame-based Multiple Iteration Weighted Matching 
In a cell-based electronic switch, multiple iterative matching 

schemes, such as PIM, SLIP, DRRM, use multiple iterations 
to converge on a maximal size matching. Theoretically, up to 
N iterations leads to a maximal size matching. Similarly, 
multiple iterative weighted matching scheme, such as Longest 
Queue First (iLQF) and Oldest Queue First (iOQF) [5], 
converge on a maximal weight matching within N iterations. 

In an optical switch, a frame-based multiple iteration 
weighted matching can be used to converge on a frame-based 
maximal weight matching. Simulation results show that by 
using ZgN iterations the scheme can achieve almost the same 
performance as that of a frame-based maximal weight 
matching, which reduces the complexity to O(lg2N), and can 
be implemented in a distributed manner. 

A frame-based multiple iterative weighted matching scheme 
works as follows in every iteration. 

Step I :  Each unmatched input sends requests for all 
nonempty VOQs along with VOQ weights. 

Step 2: If an unmatched output receives any request, it 

selects the request with the largest weight and sends a grant to 
the corresponding input. Ties are broken randomly. 

Step 3: If an unmatched input receives multiple grants, it 
accepts the grant corresponding to the largest weight. Ties are 
broken randomly. 

The complexity of one iteration is O(1gN). According to 
simulations, when the scheme is run for IgN iterations, the 
throughput and delay performances converge and are almost 
as the frame-based maximal weight matching. Therefore, the 
complexity of this scheme is as low as O(lg2N). 

D. Simulated Performance 

1) Throughput 
When L is set to 0, our simulation results show that the 

throughput of a frame-based Maximal Weight Matching 
algorithm under uniform traffic is loo%, and is close to 100% 
under all nonuniform traffic patterns considered in [ 121 except 
the diagonal trafic pattern, no matter what the frame size is. 
According to previous studies, the diagonal traffic pattern, in 
which for an input i a ratio p of arrivals is destined to output i 
and 1-p to output (i+l)modN, is an extremely unbalanced 
nonuniform pattern. Switches usually have worse performance 
under diagonal traffic than under other more balanced traffic 
patterns. According to simulation results, the throughput of 
frame-based maximal weight matching under diagonal traffic 
is always higher than 88%. Simulation results show that under 
the hot-spot traffic pattern [23], the hot-spot throughput is 
maintained at 100%. 

When L is considered and is larger than 0, the simulated 
throughput for all schemes under uniform traffic is (1-L/K) as 
expected. 

The simulated throughput performance of the frame-base 
multiple iteration weighted matching was found to be almost 
the same as that of a frame-based maximal weight matching. 

2) Average delay 
In the simulations presented here we assume that m=l. To 

allow comparison with cell-based switches we assume a fixed 
packet size. The average delay is measured in time slots, 
where one time slot is the time to transfer one fixed-size 
packet. Since the performance of frame-based multiple 
iteration weighted matching is quite close to the performance 
of the frame-based maximal weight matching, from this point 
we will only show simulation results of frame-based maximal 
weight matching to save space. 

Fig. 2 shows the average delay of frame-based maximal 
weight matching for different switch sizes when the 
reconfiguration time L is 0 or 10, and the frame length K is 50 
or 200 time slots. It shows that under light load, the average 
delay with nonzero L is close to the sum of L and the average 
delay when L is zero. Note that the average delay is close to 
NW2.This corresponds to the intuition that under a moderately 
loaded regime the average arriving packet has to wait for N/2 
frames before its own VOQ is served. 

The delay, measured at over a thousand time slots for L=lO 
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and K=200, appears to be discouraging at first sight. 
However, if we assume a future reduction in switch 
reconfiguration time to lps, and with a packet length of 
loons, a delay of 1000 time slots is only loops. Given a 
switch size N, reconfiguration time L, and delay requirement, 
the corresponding frame size and internal speedup can then be 
determined. 

-7-7 

1 

(oad 

(a) Frame size K=50 

load 

(b) Frame size K=200 
Fig. 2. The average cell delay of frame-based maximal weight 
matching switch under uniform traffic with different switch 
sizes and reconfiguration times. 

111. ASYNCHRONOUS VARIABLE-SIZE FRAME MATCHING AND 
CONNECTION UPDATING 

In fixed size synchronous frame-based matching schemes, 
the switch fabric is updated for each frame instead of each 
time slot to reduce the bandwidth lost. If connections are 
updated asynchronously only when necessary, the overhead 
can be reduced, especially under heavy load. For example, this 
is feasible in MEMS based optical switches where it is 
possible to reconfigure a subset of inputs and outputs while 
the other input-output pairs continue to switch packets. While 
this allows a new class of matching algorithms, we will only 
consider here the Exhaustive Service Dual Round-Robin 

Matching (EDRRM) scheme [12,13]. 
For an optical switch, EDRRM can be modified so that 

arbitration will only be done when necessary, not in every 
time slot. In the original EDRRM, arbitration is done by input 
arbiters and output arbiters based on the round-robin service 
discipline. When an output is matched to an input, this output 
is locked by the input. When the VOQ under service is 
emptied, the corresponding input sends a message to the 
locked output to release it. The released input and output 
increment their arbiter pointers by one location, so that the 
VOQ just being served will have the lowest priority in the 
next arbitration. A locked output cannot grant any request 
from other inputs. An input sends requests to outputs if, and 
only if, it is not matched. When a match is found, only this 
new connection will be updated which leads to a 
reconfiguration time. All other connections continue 
uninterrupted. In order to reduce the frequency of switch 
fabric reconfigurations, EDRRM is modified as follows. 
When a VOQ is completely served and the corresponding 
input or output has not successfully found a new match, the 
connection for this VOQ will not be disconnected. In this 
way, new arrivals to this VOQ can still be transferred before 
the switch fabric is updated. 

A detailed description of the two step EDRRM algorithm in 
an optical switch follows: 

Step 1: Request. Each unmatched input moves its pointer 
to the first nonempty VOQ in a fixed round-robin order, 
starting from the current position of the pointer, and sends a 
request to the output corresponding to the VOQ. The pointer 
of the input arbiter is incremented by one location beyond the 
selected output if the request is not granted in Step 2, or if the 
request is granted and after one cell is served this VOQ 
becomes empty. Otherwise, the pointer remains at that 
(nonempty) VOQ. 

Step2: Grant. If an unmatched (not locked) output receives 
one or more requests, it chooses the one that appears next in a 
fixed round-robin schedule starting from the current position 
of the pointer. The pointer is moved to this position. The 
output notifies each requesting input whether or not its request 
was granted. The pointer of the output arbiter remains at the 
granted input. The output is locked by the selected input. If 
there are no requests, the pointer remains where it is. 

To further reduce the bandwidth overhead, one possible 
variation of EDRRM is to start searching for the next match 
when the number of cells waiting in the VOQ under service 
drops below a threshold. Additionally, since the arbitration 
time is not necessarily limited to one time slot, a matching 
scheme of higher complexity can be used to improve the 
performance. We will investigate these in future work. 

A.  Simulated Performance 

1) Performance When L=O 
When the reconfiguration time L is not introduced, the 

EDRRh4 in an optical switch has similar performance as that 
of the original EDRRM [ 121. 
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2) Performance When L>O 
When the reconfiguration time L is larger than 0 in an 

optical switch, throughput is expected to reduce. Simulated 

switch over time S are shown as follows. 

where 
= + L 9 andE(S2) =E(B2)+2LE(B)+L2 

throughput with different values of non-zero L and different ' 
E(B) - 1 - q ~ p 2(N-I)  , 

Q l-pN-' switch size is shown in Table 11. It shows that throughput is 
relatively insensitive to L. 

The average cell delay of EDRRM in an optical switch is 
shown in Fig. 4 with different switch sizes when L=10, and in 
Fig. 5 with different values of L for a 16x16 switch. Note that 
variable frame schemes have better delay performance than 
fixed frame schemes under low and moderate loads. This is 
due to the fact that under low loads, fixed frames are often not 
filled, leading to unnecessary additional delay. In variable- 
sized frame matching schemes, the frame size adapts to VOQ 
loading. 

TABLE 1 THROUGHPUT OF EDRRM OPTICAL SWITCH 

L(time slots) 0 10 IO0 1000 

4x4 switch 0.9926 0.9913 0.9760 0.8946 
8x8 switch 0.9408 0.9399 0.9383 0.9232 

16x16 switch 0.9680 0.9673 0.9587 0.9279 
32x32 switch 0.9794 0.9768 0.9636 0.9153 

&e-- 

i 
, O l L - L  * J 

0.1 0.2 0.3 0.4 0.5 0.8 O,? 0.8 O S  
load 

Fig. 4. The average cell delay of EDRRh4 switch under 
uniform traffic for different switch sizes when L=10. 

B. Performance Analysis 
The delay performance of an EDRRM switch under 

uniform traffic can be analyzed by using an exhaustive 
random polling system model. This is used to predict the 
performance of switches too large to be simulated within a 
reasonable run time. The performance analysis with L is 
similar to the analysis without introducing L, details for which 
can be found in [13]. In this paper we only show the final 
expressions. 

1) Switch Over Time and Average Delay 
The switch over time is the sum of L and B, which is the 

time taken for the input to switch from one VOQ after service 
completion to another VOQ for a new service period. 

The final expressions for the average and second moment of 

where p is the arrival rate, 

I '  (1 - w(1- p))" - 1 

N(1 - PI 
[I - (1 - w)(l - w(1- p))"-' + 

w(1- p"-')(N - 1) 4 =  

Q = -[1- 1 (1 - w)(l - w(1- P))~- '] ,  and Nw 
w=-[l-( l - -y] .  1 P 

N N 
In [24] the delay of a random polling system is analyzed. 

For a fully symmetric system, using the notation in [24], the 
average delay for a cell is described as 

Nr(1-y) (N-l)r 
2 r (1-Ny)y I-Ny 1-Np +-+- I: I 62 0 E(T) = -[- + - 

where ,U is the arrival rate for one VOQ, d is the variance 
of the arrival process for one VOQ, and r=E(S), 
#= Var(S)=E(S9-E2(S). For each VOQ, under i.i.d. Bernoulli 
traffic,p = E and D 2  = . 

N N 
Fig. 4 and Fig. 5 show the analysis results of the average 

delay E(T) with different switch sizes and reconfiguration 
times, respectively, comparing to simulation results. Under 
heavy load, analysis results are quite close to simulation 
delays. The overestimation of delay under light loads can be 
ascribed to the fact that the polling model allows wasteful 
switching to empty VOQs, which is not present in the real 
system. As reconfiguration time L increases, analysis results 
approximate simulation results better. 

2) When N is large 
When N goes to infinity, the average switch over time and 

its second moment converge to a limit for el. The average 
delay is a function of N and p. It always has a finite value and 
is linear in N when N is large for all p<l, as shown below. 

Fig. 6 shows the calculated average delay E(T) of four 
switches of large size when the reconfiguration time L is 0 and 
10. 

IV. CONCLUSION 
In an optical packet switch, switch fabric reconfiguration is 

much slower than in an electronic switch. New matching 
schemes are needed to reduce the bandwidth overhead thus 
introduced. In this paper synchronous fixed size and 
asynchronous variable size frame-based matching algorithms 
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are presented. The latter is an entirely new concept wiich we 
believe merits further investigation. Throughput and average 
delay performance of these algorithms are studied by 
simulation and analysis. 
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