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SUMMARY This paper proposes an innovative Pipeline-
based Maximal-sized Matching scheduling approach, called
PMM, for input-buffered switches. It dramatically relaxes the
limitation of a single time slot for completing a maximal match-
ing into any number of time slots. In the PMM approach, ar-
bitration is operated in a pipelined manner, where K subsched-
ulers are used. Each subscheduler is allowed to take more than
one time slot for its matching. Every time slot, one of the sub-
schedulers provides the matching result. We adopt an extended
version of Dual Round-Robin Matching (DRRM), called itera-
tive DRRM (iDRRM), as a maximal matching algorithm in a
subscheduler. PMM maximizes the efficiency of the adopted ar-
bitration scheme by allowing sufficient time for the number of
iterations. We show that PMM preserves 100% throughput un-
der uniform traffic and fairness for best-effort traffic of the non-
pipelined adopted algorithm, while ensuring that cells from the
same virtual output queue (VOQ) are transmitted in sequence.
In addition, we confirm that the delay performance of PMM is
not significantly degraded by increasing the pipeline degree, or
the number of subschedulers, when the number of outstanding
requests for each subscheduler from a VOQ is limited to 1.

key words: Scheduling, pipeline, input-buffered switch,
mazximal-sized matching

1. Introduction

The explosion of Internet traffic has led to a greater
need for high-speed switches and routers that have
over 1-Thit/s throughput [1]. Most high-speed packet
switching systems adopt a fixed-size cell in the switch
fabric. Variable-length packets are segmented into sev-
eral fixed-sized cells when they arrive, are switched
through the switch fabric, and are reassembled into
packets before they depart.

There are various types of buffering strategies in
switch architectures: input buffering, output buffer-
ing, or crosspoint buffering [2]-[6]. Input buffering is
a cost-effective approach for high-speed switches. This
is because input-buffered switches do not require in-
ternal speedup or allocation of buffers at each cross-
point. It relaxes memory-bandwidth and memory-size
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constraints.

In input-buffered switches, it is well known that
head-of-line (HOL) blocking limits the maximum
throughput to 58.6% in a input-buffered switch with
the First-In-First-Out (FIFO) structure [7]. A Virtual-
Output-Queue (VOQ) structure is used to overcome the
HOL-blocking problem [10]. Consider an N x N input-
buffered switch with VOQs at the inputs and a crossbar
switch fabric, as shown in Figure 1. A fixed-size cell is
sent from any input to any output, provided that no
more than one cell is sent from the same input and
no more than one cell is received by the same output.
Each input 7 has N VOQs, each of which is denoted
as VOQ(i,j), where cells that are destined for output
j are stored. The HOL cell in each VOQ can be se-
lected for transmission across the switch in each time
slot. Therefore, every time slot, a scheduler has to de-
termine one matching set.

For
an input-buffered switch with VOQs, maximum-sized
matching algorithms have been proposed to achieve
100% throughput [8],[9]. Although the maximum-sized
matching algorithms provide a maximum match, they
suffer from high-computing time complexity. Therefore,
it is difficult to implement such algorithms for high-
speed switching systems.

Maximal-sized matching algorithms have been pro-
posed as an alternative to maximum matching ones,
such as iSLIP [10] and Dual Round-Robin Matching
(DRRM) [11],[12]. Both algorithms reduce their com-
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Fig. 1  Input-buffered switch with VOQs.



puting complexity compared with maximum matching
ones, and provide 100% throughput under uniform traf-
fic and complete fairness for best-effort traffic. How-
ever, they still have the strict constraint that the max-
imal matching has to be completed within one time
slot. The constraint is a bottleneck when the switch
size increases or a port speed becomes high, because
the arbitration time becomes longer than one time slot
or the time slot shrinks, respectively. Consider a 64-
byte fixed-length cell at a port speed of 40Gbit/s (OC-
768). The computation time given for maximal-sized
matching is only 12.8ns.

To relax the strict scheduling timing constraint,
a pipeline-based scheduling algorithm called Round-
Robin Greedy Scheduling (RRGS) was proposed by
Smiljani¢ et al. [13]. The RRGS switch has N round-
robin arbiters, each of which is associated with an in-
put. Each input performs one round-robin arbitration
to select one VOQ in one time slot. N round-robin
operations that select their own candidates to be trans-
mitted at time slot T' are performed during the previous
N time slots {T—N,T—N+1,...,T—1}. Each round-
robin operation is assigned into different time slots in
a simple pre-determined cyclic manner so that RRGS
can avoid output contention. (See Appendix A.)

However, RRGS is not able to provide max-min fair
share for a best-effort service. Let A(7,7) and u(Z, j) be
input offered load to VOQ(i, j) and acceptable trans-
mission rate from VOQ(i, ), respectively. Consider a
3 x 3 switch, and A(0,0) = A(1,0) = 1.0 and other input
offered loads A(7, j) = 0, as shown in Figure 2. Accord-
ing to the RRGS algorithm described in [13], the ac-
ceptable transmission rate is obtained as p(0,0) = 2/3
and p(1,0) = 1/3. This is due to the simple cyclic allo-
cation mechanism. The RRGS operation in this exam-
ple is also described in Appendix A. Thus, when traffic
is not balanced, some inputs can unfairly send more
cells than others. Smiljanié¢ also proposed weighted-
RRGS (WRRGS), which guarantees pre-reserved band-
width [14]. In WRRGS, however, the fairness problem
is not yet solved for best-effort traffic. In addition, ev-
ery N time-slot cycle, an idle time slot is produced when
N is an even number. This means that RRGS does not
efficiently utilize the switching capacity.

In addition, RRGS causes a fixed latency of IV time
slots at worst case. The average fixed latency is N/2
time slots. When the switch size is large, the latency
will be the dominant delay. Thus, RRGS is not scalable
in terms of the switch size.

It is a challenge to find a maximal matching
scheduling scheme to meet the following requirements.

e The scheduling time should be relaxed into more
than one time slot.

e High throughput should be provided.

e Fairness should be maintained for best-effort traf-
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e Cell sequence should be kept to avoid a cell re-
sequence function at an output port.

To our knowledge, no study has been presented to sat-
isfy these requirements.

This paper presents a solution to these require-
ments. We introduce an innovative Pipeline-based ap-
proach for Maximal-sized Matching scheduling in input-
buffered switches, called PMM. Within the scheduler,
more than one subscheduler operate in a pipelined man-
ner. Each subscheduler is allowed to take more than one
time slot. Every time slot, a subscheduler provides a
matching result. The subschedulers can adopt a maxi-
mal matching algorithm such as iSLIP or DRRM, while
preserving the properties of the non-pipelined versions.
In this paper, we adopt an extended version of DRRM,
called iterative DRRM (iDRRM), as a maximal match-
ing algorithm in each subscheduler by considering the
hardware implementation. :DRRM is easier to be im-
plemented than ¢SLIP when round-robin arbiters are
implemented in a distributed manner. As a result,
PMM provides 100% throughput under uniform traf-
fic, and maintains fairness for best-effort traffic. To
use the advantage of the features of the adopted maxi-
mal matching algorithm, PMM allows one subscheduler
to grant a younger request earlier than another sub-
scheduler to grant an older request. However, PMM
ensures that cells from the same VOQ are transmitted
in sequence as only the HOL cell is transmitted when a
grant is received. Therefore, PMM does not need a re-
sequence function at an output port. We investigated
the impact of the allowable number of outstanding re-
quests distributed to subschedulers on the PMM delay
performance. Furthermore, we show that the delay per-
formance is not significantly degraded by increasing the
number of subschedulers when the number of outstand-
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ing requests for each subscheduler is limited to 1.

The remainder of this paper is organized as fol-
lows. Section 2 describes the PMM scheme. Section 3
describes the performance of the PMM scheme. Sec-
tion 4 summarizes the key points.

2. Pipeline-Based Maximal-Sized Matching
(PMM)

The PMM scheme is able to relax the computation time
for maximal-sized matching into more than one time
slot. The PMM scheduler consists of N? request coun-
ters and K subschedulers, as shown in Figure 3. Each
subscheduler has N2 request subcounters. Detailed no-
tations in Figure 3 are described below. Each subsched-
uler operates the maximal-sized matching in a pipelined
manner, and takes K time slots to complete the match-
ing, as shown in Figure 4. We assume that PMM adopt
an extended version of DRRM in each subscheduler.

DRRM was originally intended to use input and
output round-robin arbitration with one iteration. The
brief description of the DRRM algorithm is described
in Appendix B. In the extended version of DRRM, the
number of iterations are equal to or more than one.
We call it iterative DRRM (:DRRM). In iDRRM, in-
put and output round-robin arbitration is iterated to
find matching input-output pairs among unmatched
pairs. The input and output round-robin pointers
are updated only when a grant is issued at the first
iteration.! iDRRM mainly improves the delay perfor-
mance of DRRM by considering more iterations.

From the hardware implementation point of view,
iDRRM is easier to implement than ¢SLIP when in-
put and output round-robin arbiters are distributed at
the input/output ports [12],[15]. We describe the de-
centralized implementation comparison of DRRM and
iSLIP and clarify why iDRRM is easier than iSLIP in
Appendix C.'* When a scheduling algorithm is im-
plemented in a decentralized manner, the amount of
communication signals between printed circuit boards
(PCBs) is sensitive due the limitation of the number of
PCB pins and the transmission delay at a signal speed.
In SLIP, a request from VOQ(i,j) at input port 7 is
first sent to an output arbiter at output port j. On the
other hand, iDRRM, a request from VOQ(i,j) at in-
put port i is first sent to an input arbiter at input port
1. Thus, iSLIP first performs the round-robin arbitra-
tion for output ports and then does for input ports,
while iDRRM first performs the round-robin arbitra-
tion for input ports and then does for output ports.
As a result, iSLIP needs multiple requests and multiple

"This operation of iDRRM ensures max-min fair share
as that of sSLIP.

T Although Appendix C focuses on the non-pipelined
schemes with one iteration for simplicity, the discussion
is easily applied to the pipelined schemes with multiple
iterations.
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Fig. 4 Timing diagram of PMM with K =3

grants between an input PCB and the crossbar PCB,
while {DRRM needs only one request and one grant
between them. In addition, iSLIP has an additional
signal compared with iDRRM. Therefore, iDRRM has
less communication signals between PCBs than iSLIP.

We note that :iDRRM is logically equivalent to
iSLIP, although the implementation of iDRRM is sim-
pler than that of ¢SLIP [12]. The logical equivalence
between iDRRM and iSLIP can be easily derived in
the same ways as a logical equivalence between Parallel
Iterative Matching (PIM) and Logical-Equivalent PIM
(LE-PIM) was derived by Nong et al. in [16]. Let © be
an input-traffic matrix. Each element 6(i, j) expresses
input traffic to VOQ(i, 7). The performance of iDRRM
with © is equivalent to that of iSLIP with O, where
OT is a transposed matrix of ©.

Several notations used here are defined in the fol-
lowing. A request counter RC(i,j) is associated with
VOQ(i,7), as shown in Figure 3. The value of RC(i, 7)
is denoted as C(i,j), where 0 £ C(i,7) £ Lmaz- Lmax
is the maximum VOQ occupancy. C(i,j) expresses
the number of accumulated requests associated with
VOQ(i, ) that have not been sent to any subscheduler.



Each request subcounter RSC(4, 4, k) is associated with
VOQ(i,7) and subscheduler k, where 0 < k < K — 1.
The value of RSC(i,j,k) is denoted as SC(i,j,k),
where 0 £ SC(i,7,k) £ SChiaz- SCmaz has to be set
carefully to provide the best performance. We found
that when SC),.. = 1, the delay performance is the
best. The impact of SC),., will be discussed in de-
tail in Section 3. SC(i,j,k) > 0 means that input 7
has at least one request for output j in subscheduler k.
SC(i,j,k) = 0 means that input ¢ has no request for
output j in subscheduler k. At initial time, C(i,j) and
SC(i,j, k) are set to zero.
PMM operates as follows.

e Phase 1: When a new cell enters VOQ(i, j), the
counter value of RC(i,j) is increased: C(i,j) =
C(i,5) + 1.

e Phase 2: At the beginning of every time slot t,
if C(i,j7) > 0 and SC(i,7,k) < SCpae, where
k= t mod K, C(i,j) = C(i,j) — 1 and
SC(i, j, k) = SC(i,j,k) + 1. Otherwise, C(i,j)
and SC(i, j, k) are not changed.

e Phase3: At Ki+k <t < K(I4+1)+k, wherelis an
integer, subscheduler k£ operates the maximal-sized
matching according to the adopted algorithm.

e Phase 4: By the end of every time slot ¢, sub-
scheduler k, where k = (t — (K — 1)) mod K,
completes the matching. When input-output pair
(i,7) is matched, SC(i,j, k) = SC(i,j, k) — 1. The
HOL cell in VOQ(i, j) is sent to output j at the
next time slot. This ensures that cells from the
same VOQ are transmitted in sequence, even if
L(i,j) — C(i,j) > 1, where L(i,j) is the occu-
pancy of VOQ(i,j). Note that L(i,j) — C(i,j) =

K SC(i,j, k) £ K x SCap- ITn PMM, a re-
quest from RC(i, j) belongs to only VOQ(i, j), but
not the HOL cell of VOQ(i, 7). Therefore, any re-
quest that is granted, independent of its age, is
used by the HOL cell, thus cells are always trans-
mitted in sequence. A VOQ can accumulate up
to K X SCpuqe issued requests to the PMM sched-
uler. When input-output pair (7, j) is not matched,
SC(i, j, k) is not changed.

Whenever a condition associated with any phase is sat-
isfied, the phase is executed by the main scheduler.

To apply the :DRRM algorithm as a matching al-
gorithm in subscheduler £ in PMM, we use SC(i, j, k)
instead of VOQ requests as described in the DRRM
scheme [11],[12]. Each subscheduler has its own round-
robin pointers. The position of pointers in subsched-
uler k is modified by the results only from subsched-
uler k. The operation of iDRRM in subscheduler k is
the same as that of the non-pipelined iDRRM scheme.
Therefore, it may happen that one subscheduler grants
to a younger request earlier than another subscheduler
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Fig. 5 Delay dependency on scheduling time K for Bernoulli
traffic with SCmaz = Lmaz (switch size N = 32)

does to an older request, but PMM avoids the out-of-
sequence problem. This is because a request is not re-
lated to a cell but to a VOQ in PMM.

3. Performance

This section describes delay performance and through-
put of PMM under uniform traffic, and the fairness for
best-effort traffic. In addition, the effect of the PMM
scheduling relaxation is described.

3.1 Delay

First, we discuss the dependency of SC)y 4. Let us con-
sider two extreme cases, which are SCi,q0 = Linae and
SCiaz = 1. Here, we assume that L., is large enough
to avoid cell loss at a VOQ to simplify the discussion.

Figures 5 and 6 show the average delay with
SCmazr = Lmar and SCpaz = 1, respectively. Simu-
lation results are obtained with a 95% confidence in-
terval, not greater than 5% for the average cell delay.
In this evaluation, we include absolute delay caused by
the scheduling time in the delay performance.

These two figures show that delay performance de-
grades with SCi4e = Lmaz, while it does not signif-
icantly degrade with SC\,4; = 1. Figure 7 shows the
delay difference of K > 1 from that of K = 1. For
example, with p=0.95, where p is the offered load, and
K = 4, the delay difference of SC),.,=1 is only 126
cell times, while that of SCyue = Lmas is 1155 cell
times. When the input line speed is 10 Gbit/s, 126 cell
times are equal to 6.45 pus when assuming a 64-byte
cell. Thus, K does not affect the delay performance
with SC)n.. = 1 for a practical use.

We explain why the delay performance of SC),q, =
is significantly degraded although that of

Lmaz’
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SCmaz = 1 is not. When the value of SC,,,,; is large,
some subschedulers have more requests, while others
have less requests. The large value of SC),,, causes
unbalance of the number of requests among subsched-
ulers. The unbalanced request distribution makes delay
performance worse.

Figures 8 and 9 show examples of counter status
for C(i,j) and SC(i,j, k) with SCpaz = Lmas and
SCmaz = 1, respectively. We consider N = 3 and
K = 2. In both cases, C'(0,0) =1, C(0,1) = 1, and
C(0,2) = 3 are set and other counter values of C(i, j)
and SC(i,j,k) are zero at the initial condition. We
assume that no additional new cell enters a VOQ and
all round-robin pointers point at zero. In these figures,
t = T (r) means a request phase, which is phase 2 as
described in Section 2. t =T (g) means a grant phase,

which is phase 4. The counter status follows the PMM
algorithm as described in Section 2.

In Figure 8, at ¢ = 0 (r), C(0,0), C(0,1), and
C(0,2) are decremented and SC(0,0,0), SC(0,1,0),
and SC(0,2,0) are incremented. At ¢t =1 (r), C(0,2)
is decremented to 1 and SC(0,2,1) is incremented. At
t=1(g), SC(0,0,0) is granted by subscheduler 0, be-
cause the input round-robin pointer points at zero. The
pointer is updated to 1. At t = 2 (r), C(0,2) is decre-
mented and SC(0,2,0) is incremented. At this time, all
the values of C(i, j) are zero. At t =2 (g), SC(0,2,1)
is granted by subscheduler 1. SC(0,1,0), SC(0,2,0),
and SC(0,2,0) are granted by subscheduler 0 at ¢t = 3
(g), t =5 (g), and t = 7 (g), respectively. The main
problem of SC0e = Lmaz is that there is no request
in subscheduler 1 from ¢ = 3 (r), although subscheduler
0 has some requests until t = 7 (g).

On the other hand, in Figure 9, at t = 2 (r),
SC(0,2,0) is not fed by C(0,2). This is because
SC(0,2,0) is equal to SCraz(= 1). C(0,2) is decre-
mented and SC(0,2,1) is incremented at t = 3 (r). At
this time, the values of all C'(¢,j) are zero. SC(0,0,0),
S5C(0,2,1), SC(0,1,0), SC(0,2,1), and SC(0,2,0) are
granted at ¢ = 1 (g), t = 2 (g),t =3 (g), t =4
(g), and t = 5 (g), respectively. Thus, all requests
of SCinee = 1 are granted two cell time slots earlier
than that of SCp02 = Limas, although the values of all
C(i,j) of SCpar = 1 are zero one time slot later than
those of SCree = Limaz-

From these observations, when we set SCqz to 1,
the requests from RC(i,j) are distributed more effec-
tively and the delay degradation is suppressed. When
K increases, the requests from RC(i,j) are dispersed
more to each RSC(i,j, k) associated with each sub-
scheduler k. As a result, the desynchronization effect
becomes less efficient as K increases. The delay degra-
dation with SC),.. = 1 is suppressed better than when
SCiazr = Lmae and, in this case, the delay is slightly
degraded with K.

Since we know that when SC,,.. is set to 1, the
delay performance is the best, we discuss the PMM per-
formance with SC,.. = 1 in the following.

In Figure 6, the delay with one iteration increases
slightly at 0.65 < p < 0.9. At the light offered load,
p < 0.5, the contention among input requests is not
significant. At 0.5 £ p < 0.65, the contention becomes
significant. When p reaches 0.65, the pointer desyn-
chronization is more easily obtained compared with the
light offered load [10],[12]. However, when p exceeds
0.9, the contention among input requests significantly
affects the delay performance.

The delay performance is improved with more iter-
ations. Since PMM relaxes the scheduling timing con-
straint, a large number of iterations is not a bottleneck
even when the switch size increases or a port speed
becomes fast, compared with the non-pipelined algo-
rithm, as will be described in Section 3.4. Note that
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linitail [t=0(r) [t=0(g) [t=1(r) |t=1(g) |t=2(r) |t=2(g) |[t=3(r) |t=3(g) |t=4(r) [t=4(g) |[t=5(r) |t=5(g) [t=6(r) |t=6(g) |[t=7(1) |t=7(Q)
C(0,0) 1 0| 0] 0 0| 0| 0] 0 0| 0] 0] 0 0] 0] 0| 0) 0]
C(0,1) 1 0| 0] 0 0 0] 0] 0 0| 0] 0] 0 0] 0] 0] 0 0]
C(0,2 3| 2) 2] 1] 1 0] 0] 0 0| 0] 0] 0 0] 0] 0 0 0]
SC(0,0,0) 0| 1 1 1] 0 0| 0| 0 0| 0| 0 0 0| 0 0| 0 0|
SC(0,1,0 0| 1 1 1] 1 1 1 1 0| 0 0 0 0| 0 0| 0 0
SC(0,2,0 0| 1 1] 1] 1 2| 2| 2 2 2| 2| 2 1] 1] 1 1 0]
SC(0,0,1) 0| 0| 0] 0 0| 0] 0] 0 0| 0] 0] 0 0] 0] 0] 0 0]
SC(0,1,1) 0| 0| 0] 0 0 0] 0| 0 0| 0] 0] 0 0] 0] 0] 0 0]
SC(0,2,1) 0| 0| 0| 1] 1 1 0 0 0| 0 0 0 0| 0 0| 0 0|

l:l A request is granted.

Fig. 8 Example of counter status with SCraz = Lmaz

Initail [t=0() [t=0(g) [t=1(") |t=1(g) [t=2() [t=2(g) [t=3(") |[t=3(q) [t=4() [t=4(g) [t=5() |t=5(q)
C(0,0) 1 0 0 0 0 0 0 0 0 0 0 0 0
C(0,1) 1 0 0 0 0 0 0 0 0 0 0 0 0
C(0,2 3 2 2 1 1 1 1 0 0 0 0 0 0
SC(0,0,0) 0 1 1 1 0 0 0 0 0 0 0 0 0
SC(0,1,0) 0 1 1 1 1 1 1 1 0 0 0 0 0
SC(0,2,0) 0 1 1 1 1 1 1 1 1 1 1 1 0
SC(0,0,1) 0 0 0 0 0 0 0 0 0 0 0 0 0
SC(0,1,1) 0 0 0 0 0 0 0 0 0 0 0 0 0
SC(0,2, 1) 0 0 0 1 1 1 0 1 1 1 0 0 0

l:l A request is granted.

Fig. 9 Example of counter status with SCrae = 1
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Fig. 10  Delay dependency on scheduling time K for Bernoulli
traffic (switch size N = 64)

we showed the delay performance up to four iterations
because there is no measurable improvement with more
iterations.

The above observations for N = 32 are applied to
different switch sizes. Figure 10 shows the same delay
tendency as that in Figure 6 for a switch with N = 64.

We also consider an ON-OFF source model in
which an arrival process to an input port alternates
between ON (active) and OFF (idle) periods. A traffic
source, during the ON period, continues sending cells
in every time slot, but stops sending cells in the OFF
period. Both the durations on the ON and OFF peri-
ods are assumed to be geometrically distributed. The
average burst length used in this paper corresponds to
the average ON period. In this evaluation, the average
burst length is set to 10.

Figure 11 shows that K does not affect the de-
lay performance for a practical use even when a bursty
arrival process is considered. The dependency on K un-
der bursty traffic is lighter than under Bernoulli traffic.
This is because the arrival process of bursty traffic is
less independent than that of Bernoulli traffic.

3.2 Throughput

As we saw the delay performance of PMM in Sec-
tion 3.1, as PMM adopts the iDRRM algorithm, PMM
provides 100% throughput under uniform traffic.

The reason is as follows. Consider the offered load
as 1.0. If some inputs cannot send cells, outstanding
requests are maintained in each subscheduler. In other
words, SC(i,j,k) = 1. As a result, C(i, ) is not decre-
mented in phase 2 and increased in phase 1. Since
C'(i,7) reaches a large enough value to be always satis-
fied with C(i,j) > 0, SF(i,j, k) = 1 is kept in phase 2.

tAlthough SC(i, j, k) becomes 0 in phase 4 when a re-

100000 - A - X
—— K=1 Pipelined-iDRRM (4 iterations)
< I~ K=2 Pipelined-iDRRM (1 iteration)
£ 100001 (5
5 —=— K=4
g 1000
% K: Scheduling time
3
o 100f
&
o
Z 1wof
Average burst length 10

1 N
0O 01 02 03 04 05 06 07 08 09 1
Offered load , p

Fig. 11 Delay dependency on scheduling time K for bursty
traffic (switch size N = 32)

In this situation with SC(i,j,k) = 1 at any ¢ in phase
3, subscheduler k£ provides a complete matching result
every K time slots due to the desynchronization effect
of input and output round-robin arbiters, as described
in [12],[17].1f

Thus, PMM preserves the throughput advantage
of iDRRM.

3.3 Fairness

Since we adopt a round-robin-based algorithm in sub-
scheduler k, subscheduler & can maintain a fair schedul-
ing. Therefore, PMM provides max-min fair share for
best-effort traffic.

3.4 Scheduling Timing Relaxation

Figure 12 shows the effect of the PMM scheduling tim-
ing relaxation. We assume that a cell size, L.y, is 64 %
8 bits. Let the allowable arbitration time per iteration,
a port speed, and the number of iterations be Ty, C,
and I, respectively. Ty, is given by,

KLcell
c1 @

Tarp decreases with I and C, but increases with K. In
the non-pipelined iDRRM scheme, K is 1 as a special
case of PMM in Eq. (1). In the non-pipelined iDRRM,
when C'=40Gbit/s and I = 4, T,,,,=3.2ns. Under this
timing constraint, it is difficult to implement a round-
robin arbiter that supports a large N in hardware by

Tarb =

quest is granted, SC(i, 4, k) is always changed to 1 in phase
2.

t"We note that the pointer desynchronization is achieved
within the same subscheduler. There is no relationship be-
tween pointers in different subschedulers.
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Fig. 12  Effect of PMM scheduling timing relaxation

using available CMOS technologies, in which, for exam-
ple, a typical gate-delay time is about 100ps [18]. In this
case, PMM can be used to expand T,,; by increasing
K. When C=40Gbit/s, I = 4 and K = 3, T,,5=9.6ns.
Therefore, PMM achieves the desired number of itera-
tions even when N increases or C' becomes fast.

4. Conclusions

This paper has proposed a Pipeline-based Maximal-
sized Matching scheduling approach, called PMM, for
input-buffered switches. It dramatically relaxes the
scheduling timing constraint. Each subscheduler is al-
lowed to take more than one time slot to complete
a maximal-size matching. Every time slot, one sub-
scheduler provides the matching results. The subsched-
ulers adopt an extended version of DRRM, called iter-
ative DRRM (:DRRM). iDRRM offers flexibility for
implementation in a centralized or distributed manner.
PMM maximizes the efficiency of the adopted arbitra-
tion scheme by allowing sufficient time for a number
of iterations. We showed that PMM provides 100%
throughput under uniform traffic and fairness for best-
effort service as the non-pipelined algorithm does, while
ensuring that cells from the same VOQ are transmitted
in sequence. In addition, we investigated the impact
of SCpuaz on the PMM delay performance. The delay
performance is not significantly degraded by increasing
the number of subschedulers when SC,,,,, is set to 1.

The hardware in PMM is proportional to K, but
PMM provides the flexibility to implement the sched-
ulers in a distributed manner so that the increasing of
hardware has a slight impact in the overall hardware
amount.

Thus, PMM is a solution to a maximal-sized
matching scheduler for input-buffered switches when
the switch size increases or a port speed becomes high,
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such as OC-768.
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Fig. A-1 Timing diagram of RRGS switch

2000.
Appendix A: TUnfairness of RRGS

Before we explain why RRGS suffers from the unfair-
ness problem, we describe briefly the RRGS algorithm.
Figure A-1 shows an example of the RRGS algorithm.
Let us consider a 3 x 3 switch. We denote the round-
robin arbiter associated with input 7 as I;. At time
slot Tp, I chooses a candidate to be transmitted at
time slot T3. At time slot 77, I; and I> choose their
own candidates to be transmitted at time slot 73 and
Ty, respectively. At time slot Ty, I3, Iy, and I; choose
their own candidates to be transmitted at time slot T3,
Ty, and T5, respectively. In this way, at each time slot,
each input arbiter chooses one candidate to be trans-
mitted at different time slot from other arbiters. If we
focus on a certain transmission time slot, for example,
T3, the candidates are selected at T, T7, and T5.
Next, we explain the unfairness problem of RRGS.
We consider input traffic as shown in Figure 2. The
results obtained by RRGS are shown in Figure A-2. At
time slot Ty, Iy chooses VOQ(0,0) as a candidate to
be transmitted at time slot 73. Output 0 for T3 is re-
served. At time slot T3, I; and I try to choose their
own candidates to be transmitted at time slot 73 and
Ty, respectively. However, I; cannot select any candi-
date for T5 because VOQ(1,0) is the only non-empty
VOQ at input 1 and output 0 for T3 is already reserved.
I cannot select any candidate for 7, because all the
VOQs at input 2 are empty. As a result, output 0 for
T, is not reserved at Tj. At time slot T3, Iy and I;
choose VOQ(0,0) and VOQ(1,0) as candidates to be
transmitted at time slot Ty and Ty, respectively. As
can be seen in Figure A- 2, every three-time-slot cycle,
V0Q(0,0) is selected twice while VOQ(1,0) is once.
Thus, when traffic is not balanced, as in the example
shown in Figure 2, input 0 can unfairly send twice more

Ty T, T, Ty T, Ts Te

VOQ(1,0) | Not Not VOQ(1,0) | Not
for Ty selected | selected | for T selected

Not VOQ(0,0) | Not Not VOQ(0,0) | Not
selected | for T, selected | selected | for T, selected

VOQ(0,0) | Not Not VOQ(0,0) | Not Not VOQ(0,0)
for T, slected |selected | for7, | Selected |selected | forT,

Fig. A-2 Candidates selected by RRGS

cells than input 1.
Appendix B: DRRM algorithm

We briefly describe the DRRM algorithm. The more
details are described in [11],[12]. Although the schedul-
ing algorithm with one iteration is presented here, it is
easy to apply it for iDRRM in the same way as iSLIP
[9]-

DRRM arbitration has four steps in cycle:
e Each input arbiter performs request selection.

e The input arbiters send their requests to the out-
put arbiters.

e Fach output arbiter performs grant arbitration.

e The output arbiters send grant signal to input ar-
biters.

Figure A-3 shows an example of the DRRM ar-
bitration algorithm. In a request phase, each input
chooses a VOQ and sends a request to an output ar-
biter. Assume input 0 has cells destined for outputs
0 and 1. Since its round-robin pointer is pointing 0,
input arbiter 0 sends a request to output 0. Let us con-
sider output 2 in the grant phase. Since its round-robin
pointer is pointing to input 2, the output arbiter grants
input 2. The input and output pointers are updated
only when a grant is issued.

Similar to ¢SLIP, the DRRM scheme has the desyn-
chronization effect. Consider the fully loaded situation
in which every VOQ always has cells. Figure A-4 shows
the head-of-line cells chosen from each input port in
different time slots. In time slot 1, each input port
chooses a cell destined for output A. Among those three
cells, only one (the first in this example) is granted and
the other two have to wait at HOL. The round-robin
pointer of the first input advances to point to output B
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Fig. A-3 An example of the dual round-robin scheduling al-

gorithm
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The circle indicates that the cell is granted in the time slot.

Fig. A-4 The desynchronization effect of DRRM under the
fully loaded situation

in time slot 2, and a cell destined for B is chosen and
then granted because of no contenders. The other two
inputs have their HOL cells unchanged, both destined
for output A. Only one of them (the one from the sec-
ond input) is granted; the other has to wait until the
third time slot. At that time, the round-robin pointers
among the three inputs have been desynchronized and
point of C, B, and A, respectively. As a result, all three
cells chosen are granted.

Appendix C: Decentralized implementation of
DRRM and iSLIP

The iSLIP scheduler is implemented in a centralized
manner [10]. However, when the switch size increases,
the scheduler cannot be implemented in a single chip
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Fig. A-5 Decentralized implementation of DRRM

due the limitations of the gate and the pin number.
Even if a multiple-chip implementation in a centralized
manner is employed, the bottleneck of the number of
pins in a chip still exits. The DRRM scheduler has also
the same problem as iSLIP when it is implemented in a
centralized manner. Therefore, a decentralized imple-
mentation should be adopted for a large-size switch.

We describe why DRRM is easier to implement
than iSLIP when input and output round-robin arbiters
are distributed at the input/output ports. Figures A-5
and A- 6 show schematic examples of DRRM and ¢SLIP
when they are implemented in a decentralized manner,
respectively. We consider one iteration in these figures
for simplicity.

In Figure A-5, input arbiter A (i) for input port ¢
is located in input port controller (IPC) i and output
arbiter Ao (j) for output port j is located in a crossbar
part [12]. An example of the distributed round-robin
arbiters was presented in [6],[15]. IPC ¢ is usually im-
plemented in a single PCB. In DRRM, A; (i) first selects
one request out of several ones. IPC i sends the selected
request to the crossbar. Ao (j) selects one grant and the
crossbar sends the grant to IPC i. These communica-
tions has to be done between different PCBs.

In Figure A-6, Ar(i) and Ap(j) of iSLIP are im-
plemented in the same way as DRRM. In ¢SLIP, IPC ¢
first sends multiple requests at most N to the crossbar.
Ao (j) selects one grant and the crossbar sends multiple
grants up to N to IPC 4. A;(i) accepts one grant and
sends the accept to the crossbar.

Thus, iSLIP needs multiple requests and multiple
grants between IPC i and the crossbar, while DRRM
needs only one request and one grant between them.
In addition, iSLIP has an additional accept signal com-
pared with DRRM. Since DRRM has less communica-
tion signals between PCBs than ¢SLIP, DRRM is easier
to implement in a decentralized manner than ¢SLIP.
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