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The Performance on the Prevention of Packet Reordering in
Load-Balanced Router

Chiewthanakul Bhichate and Kanokwan Waiyanon
Department of Computer Engineering, Khon Kaen University
Khon Kaen 40002, Thailand
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Abstract- In this paper, building on the
two-stage switch, we proposed an algorithm
called Adaptation-Size-Frame-RR  with
Three Dimensional Queues (ASF-RR with
3DQs) that can be prevent the problem of
packets out of sequence in the load-balanced
router in which different packets of the
same flow may be taken into different paths.
Our model of the problem is derived from a
problem present in two-stage load-balanced
switches, which have first mesh fabric
between input buffer stage and intermediate
buffer stage and the second one between
intermediate buffer stage and output buffer
stage. The packets are split into cells in
which are grouped into flows in Virtual
Output Queues at these buffer stages. The
cells of each flow are balanced over center
switched elements. We use the frame-based
scheme called round-robin order to pick a
fixed size packet or cell from none empty
Virtual Output Queues in first-stage and
spread it like a Uniform Frame Spreading.
For this algorithm, we show that it prevents
miss-sequencing while maintaining the high
performance benefits in terms of
throughput and delay of the basic-two stage
switch.

Keywords: Load-Balanced Router,
Virtual Qutput Queues, Packet Reordering

L. INTRODUCTION

A. From Scheduling to Load-Balancing
Routing

URRENT Internet core routers commonly

implement combined input and output
queueing (CIOQ) with a centralized scheduler.
Numerous centralized scheduling algorithms
have been proposed in the literature [1], [2],
[3]. Nevertheless, although these scheduling
algorithms can theoretically provide a
guaranteed throughput of 50% to 100% ([4],
{51, [6]), they are becoming impractical as the
line rates and numbers of ports grow, because

of their complexity and/or the speedup of
buffer memory

There has been recent interest in a new
approach, which eliminates scheduling, using a
load-balance switch architecture [7], [8], [9],
[10], {11]. This architecture is based on load-
balancing packets uniformly inside the router
before forwarding them to their correct
destination, an idea first introduced by Valiant
[12]. C.S. Chang et al. [10] show that a load-
balanced router by using VOQ (Virtual output
queue) does not require any scheduler and that
it can guarantee 100% throughput for a broad
class of traffic. Therefore, the load-balanced
router is not subject to the two main problems
commonly present in former architectures:
centralized scheduling and the lack of
throughput guarantees needed by network
operators. This makes the load-balanced router
an appealing architecture to study. However,
the load-balanced router suffers from several
problems, such as packet reordering, which
defined as packets from a same flow depart
from the router in an order different from the
one in which they arrived, and the need for
frequent switch fabric reconfigurations.
Consequently, the TCP (Transmission control
protocol) does not perform well when out-of-
order packets arrive at their destination. Out-
of-order packets can be perceived as loss
indicators and trigger unnecessary
retransmissions and TCP timeouts [13]. These
retransmissions and timeouts cause a decrease
in TCP throughput and an increase in packet
delay. Therefore, since TCP traffic constitutes
the vast majority of Internet traffic [14],
network operators generally insist that routers
do not reorder packets belonging to the same
application flow.

Figure 1 illustrates the possibility of the
packet reordering in a load-balanced router. In
this example, all packets considered are
destined to the output 1. By definition, in the
first N time-slots, each input is connected to
the first
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Fig. 1. Example of packet reordering in a load-
balanced router.

intermediate input exactly once. Assume that
each input except the first one receives a
packet and transfers it to the first intermediate
input when they are connected together.
After N time-slots, the first intermediate input
will have received N —1packets from inputs
2,...,N, and only one of these packets will
have been serviced. Therefore, N —2 packets
are left in the first intermediate input, which
are represented as transparent. Assume that the
first input then receives two packets back-to-
back when it is successively connected to
intermediate inputs 1 and 2. Therefore, the first
input consecutively transfers these two packets
to intermediate inputs 1 and 2, which are
represented as filled. The second packet is
alone in its queue, while the first one has
N —2packets in front of it. Therefore, the
second packet is serviced earlier. It arrives at
output 1 earlier, and leaves the router earlier.
Consequently, the two packets are reordered.
There are two methods of preventing packet
reordering. The first method consists in
bounding the amount of reordering and using a
finite reordering buffer at the output. The
second method is to make sure that packets
arrive in order to the output, thus keeping
packets in order throughout the router. We
saw in the example above that reordering can
occur when VOQ lengths are different, and
that the amount of reordering typically
increases as the difference of VOQ lengths
increases. Therefore, most of the algorithms
that prevent reordering will try to bound or
prevent any VOQ length difference. In [15],
the authors propose two based on the first
method of bounding reordering. Both schemes
rely on algorithms found in the parallel packet
switch router and use small input-stage
coordination buffer. The first scheme, called
FCFS (First Come First Served), uses a jitter
control buffer in each intermediate input to
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ensure proper ordering of the traffic leaving
the intermediate inputs. The second scheme,
EDF (Earliest Deadline First), schedules
packets according to their departure times in an
ideal router. However, both schemes do not
seem practical. The jitter control mechanism in
FCFS might require up to N memory-write
accesses per time slot. And EDF needs to
retrieve the packet with the smallest time
stamp from a queue, making it hard to
implement in a high performance router. The
second method of preventing reordering,
which keeps packets ordered throughout the
router, is used in [10], [11] and [16]. In [10],
the authors introduce an algorithm in which the
buffers in the intermediate inputs are finite and
packets are guaranteed to leave the router in
order. This algorithm assumes that in each
frame period, arrivals of packets destined to a
given output are constrained. However, this
property is not satisfied in general in the
Internet. In [11], the authors present an
algorithm that uses a coordination buffer in the
input stage, and then queues packets in VOQs
in the intermediate inputs based on their input,
intermediate input, and output. Using this fine-
grained queueing, the algorithm guarantees
that packets arrive at the outputs in order.
However, this algorithm requires a more
complex queueing management system, and
communication of state information between
the intermediate inputs and the output. In [16],
the authors propose the scheme, called FOFF
(Full Ordered Frames First), allows some
bound reordering inside the router, and relies
on a reordering buffer at the output. Since this
control mechanism allows for a non-empty
queue to send packets when no queue has any
full frame. Therefore, FOFF avoids starvation
but allows for different VOQ sizes and
increasing the miss-sequence packets store up
in the VOQs.

Since, all these algorithms present significant
problems and are not satisfied in the Internet.
Therefore, our objective is to find a different
scheme in order to guarantee that packets leave
the router in order and to prevent miss-
sequencing and bound the miss-sequence
packets store up in the VOQs. This scheme
also provides throughput and delay guarantees
for all traffic patterns. The paper is organized
as follows. We first introduce the switch
architecture in Section II. The details of the
Adaptation-Size  Frames-RR  with  3DQ
mechanism will be presented in Section III. In
this section, we will show how this mechanism



helps prevent miss-sequencing and bound the
miss-sequence packets in the VOQs. Then we
will prove some theorems on its delay and
throughput in Section IV. Finally, the
conclusion is given in Section V.

II. SWITCH ARCHITECTURE
A. Assumptions

Throughout this paper, we assume for
simplicity that all incoming variable-size
packets are segmented into fixed-size packets
or cells and reassembled when leaving the
router. We say that links are connected to
routers through linecards, and denoted by N the
number of input (and output) linecards. We
also assume that all linecards have the same
line rate and that time is slotted, so that at most
one cell can arrive at any input port and at
most one cell can depart from any output port
in each time-slot. Finally, we assume that
initially there is no packet in the router.

B. Load-balanced Router Architecture

The switch architecture that we will propose
as the basis for this paper is developed from
[11], and shown in Figure 2. The load-
balanced router architecture relies on two fixed
equal-rate switches and three buffer stages.
The buffers at the first stage help to limit the
amount of miss-sequencing. The first switch is
used to prevent the head-of-line blocking by
distribute the packets in a round-robin fashion
to the second stage buffers or VOQs. Thus, the
first switch performs load-balancing for
incoming traffic. The packet will then be
transferred across the second switch to third
stage buffers. These last stage buffers are used
for reassembly of a packet when leaving the
router. Each of the two switching stages goes
through the same pre-determined cyclic shift

configuration. That is, at time ¢, input iof

each switching stage is connected to output
[(i+¢-1)mod ¥]+1. Therefore, each of these
switches connects any input to any output
exactly1/N -th of the time, regardless of the

arrival traffic. These fixed equal rate switches
could be implemented using N x N switch
fabrics that are reconfigured at every time-slot.
However, if we were to use an optical switch
fabric, this constraint would hinder our ability
to scale to higher speeds. In addition, a system
with no reconfigurations is obviously simpler
and more reliable than a system with frequent
reconfigurations. Therefore, we would like to
replace these fixed equal-rate switches with a

61

fixed mesh of optical channels. A first
observation is that we can replace each fixed

equal-rate switch with ¥ ?fixed channels at
rate R/ N, as illustrated in Figure 2. Hence, a

uniform mesh replaces each switch. The rate
provided between any switch input and any
switch output will stay the same. Therefore,
the switch is still a fixed, equal-rate switch. A
second observation is that we can replace the
two meshes with a single mesh running twice
as fast, as shown in Figure 3a). Since, every
cell traverses the mesh twice, each time at

rate R/ N ; therefore, the total channel rate

is 2R/ N . After a cell crosses the switch the first
time, it

Flow Splittet.oad Balancer vVOQI

~4

External Inputs Internal Qutputs.

Internal Inputs

Fig. 2. Load-balanced router architecture based
on a double mesh.

is stored in an intermediate linecard; from
there, it crosses the switch again to reach the
output linecard. A third observation is that a
uniform mesh with optical channels can be
replaced an Arrayed Waveguide Grating
Router (AWGR), as represented in Figure 3b).

RN, ..., 2RIN RN,..., RN
1 — —
1 1 1 1 ~ N-L
ALALA R, A
2 > AWGR >
s 2 ) N 3
.1 2 A, A LA A
PNV DA A A
N > >
N N N N N N-1 N-21
PRIV WA A

® ®
Fig. 3. Load-balanced router architecture based
on (a) a single mesh, and (b) an AWGR.

Input itransmits N district channels on its

outgoing fiber. Each different channel 2 is



transmitted at rate 2R/ Non specific

wavelength 4. The AWGR, a passive optical

device, shuffles the channels such that each
channel of a given input is destined to a
different output. As a result, the system
behaves as a single mesh. Furthermore, its
main advantage is the reduction in the number

of fibers needed from N *to 2N .

C. Definitions

The switch architecture consists of two
stages of switching. The inputs of the first
stage are called external inputs (EIs), and
numbered i=1,..., N . The outputs of the first
stage, called internal outputs (IOs), are
collocated with the inputs of the second stage,
called internal inputs (IIs). IOs and IIs will be
used interchangeably in this paper, and are
numbered j =1,...,N. Finally, the outputs of
the second stage, called external output (EOs),
are numbered £ =1,...,N .

Let’s follow the path of packets through the
switch.

1. First, a flow splitter labels each packet in
EI ias belonging to a given flow

Fy ,where kis the EO to which this packet

is destined. There are therefore N possible
flows per EI representing the N different
EOs to which the packets may be destined.

2. A load balancer sends all the packets
from Fy, to the ¥ VOQls, in a round-robin

manner —i.e. the first packet from a given
flow is sent to the VOQI1 for IO 1, the
second one is sent to the VOQ1 for 102,
and so on, independently of the packet
arrival times. If the flow has not enough
packets to fill up for ¥ VOQIs, then the
null packet that has same size will be added
at the remain of the VOQIs. Because the
load balancers are not necessarily
synchronized with the sequence of
configurations of the first-stage switch,
arriving packets are buffered and do not
necessarily immediately leave the VOQIs.
Note that the queueing length in each
VOQ1 has maintained the same size to
limit the amount of the unbounding miss-
sequence packets that will be stored up in
the VOQ2s.
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3. The VOQIls are served in deterministic
order by the first stage switch, and when
their turn comes the packets leave their
VOQ1 and pass through the first-stage
switch.

4. After leaving the first-stage switch the’
packets are queued in the VOQ2s. The
inputs of the VOQ2s are the IIs, and their
outputs are the EOs.

5. The VOQ2s are served in deterministic
order by the second-stage switch, and when
their turn comes the packets leave their
VOQ2 and pass through the second-stage
switch.

6. After leaving the second-stage switch the
packets are rearranged in the reassembly
buffers so that all of the queues containing
cells from a given external input are
adjacent to each other.

7. Finally, the packets leave the reassembly
buffer and exit through the EO.

The following property of the switch will
prove useful in this paper (proved in [15]).

Property 1 If a cell arrives to the switch at
time ¢, it will arrive to the VOQ2s no sooner

thant, and no later than 7 + N
D. EDF-3DQ, An extension of VOQ

The return of HOL blocking can be
occurred if we use the typical VOQ2. Consider
a packet, p, that sits in the VOQ2 (). We’ll
assume that p was the earliest arriving packet
to the switch among all packets in its
VOQ2(,.+), but that p is not currently sitting
at head-of-line (HOL) in its VOQ2. Packet
pis obviously the earliest arriving packet of
its flow £, in VOQ2 (,.4), and therefore shall
be sat in front of the other packets of its flow
in VOQ2(,,»). However, this packet is
blocked by packets ahead of it that arrived
later to different external inputs and also
scheduled to depart from EOk. This is
classical HOL blocking, and the solution is to
subdivide each VOQ?2 into a separate queue for
each external input.

Now, we consider typical VOQ2s that
transform one-dimensional queues into two-
dimensional queues, one per (input, output)

pair. There are therefore N? VOQ2s. In this
switch, we will use three-dimensional queues



(3DQs), with a different queue per (., #);

hence, there are nows a total N’ 3DQs. From
hereon, we’ll assume that we replace the
VOQ2s by 3DQs. With 3DQs, the earliest cell

for (j,+)is always the HOL cell in its queue.
Suppose that the earliest deadline first (EDF)
algorithm is used with 3DQ structure to bound
miss-sequencing by serving cells in the
VOQ2s in the order that they arrived to the
switch, rather than strictly from the head of
line. We only need a comparison among
N timestamps. However, this simplification

comes at the cost of using N 3DQ instead

N?VOQ2s. The EDF has the following
properties, proved in [15].

Property 2 Packet miss-sequencing is
bounded by 2N 24N,

Note that it is therefore possible to add a
finite resequencing buffer after the switch for
each external output.

Property 3 The Packet delay in EDF is
bounded by the sum of the packet delay in a
first-come-first-served (FCFS) OQ switch, and

a constant equal to 2N 2N,

III. ADAPTATION-SIZE FRAMES-RR WITH
3DQ MECHANISM

A. Background

Supposed that the algorithm deals with
frames, where one frame consists of
N packets. First, the algorithm called
Adaptation-Size Frames-RR (ASF-RR) will
add null packets to the non-full frames and
then service them in round-robin order. Note
that because the average delay is independent
of the order in which the frames are serviced
and for heavy traffic environment (ie.,
incoming traffics can be filled on full frames
without null packets), ASF-RR will have the
same average delay as OQ-FCFS (the FCFS
version of output queue). If there is at least one
full frame in the queue, then ASF-RR is not
idle. Therefore, the ASF-RR is work-
conserving for full frames, in the sense that if
there is at least one full frame left, then there is
at least one full frame being serviced.

B. A Combination of ASF-RR and 3DQs

We apply ASF-RR to the 3DQs in the
second-stage of the switch. To understand its
operation, consider external output &. We’ll
define cycle to be the set of N consecutive
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time slots during which EO £ receives cells
successively from IIs 1through N, and we’ll
define the candidate set of 3DQs for

G as{(ine), G 2.6),....(i, Nk} .

Assume that the last serviced cell in the
candidate set came from II j,,. Then,

because of the properties of the load-balancer,
we know that the next in-order cell for the flow

Fy will come from II j,, +1(modN). Let
p;; be the pointer to the II of the next in-order

cell: py, « gy +1(mod N)

We define the frame for (i+) as
FG)={G.p,.0).Gp, +1.8),... (LN},
and we will say that frame f(,«)is full if
every 3DQ (i) for j={p,,....N}is non-
empty. We can see that if the frame is full then
its next in-order cell is in 3DQ (i, p,,k), the

one after is in (i, P, + 1,k), and so on, up until

(i, v.%) . Suppose that the earliest deadline first
(EDF) algorithm is used with 3DQs structure.
Therefore, at the beginning of every cycle, the
3DQs have been rearranged so that all of the
queues containing cells from a given external
input are adjacent to each other. This is the key
to preventing and bounding the cells within a
frame from becoming miss-sequenced.

In ASF-RR with 3DQs mechanism, an
external output reads all the cells in a full
frame from an external input, before moving
on to read a full frame from next external
input. External output & uses round-robin

pointer p (k) to remember which EI the last
full frame came from.

More precisely, the following computation
is performed by external output kat the
beginning of every cycle: Starting at p, (¢),

find the next frame arrived from EI igs then
update p - (k) « iy +1(mod N).

IV. ASF-RR wITH 3DQS PERFORMANCE

In this section we show that the average
delay for ASF-RR with 3DQs algorithm is less
than the average delay for OQ plus a constant
and that ASF-RR with 3DQs has the same
throughput as OQ. The proofs is rely on the



observation that ASF-RR with 3DQs is work-
conserving for full frames.

A. Definitions

For simplicity, we will only consider the
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cells destined to a given EO k. We’ll define ACD 5 O
the following values, as illustrated in Figure 4. el D
—= -
1. A (t)is the cumulative number of cells —_ QN
destined to EO k that have arrived to EI i — -
up to and including time-slot ¢. It is 0 mote o s e (vt A (£ sl
C) for se stage (wil arrival
therefore the index of the last cell from £,
that has arrived to EI /.
Fig. 4. Tllustration of terminology
2. A°(t)=Y A’ (t)is the total number of 4()=4()-B()is the number of
cells destined to & that have arrived to the ordered cells queued in the 3DQs that are
switch up until ¢ . destined to &
3. A (t)is the index of the last cell in flow 4y ()= YZ N {A:_(Q] is the number of
. . . 1= N
. 11
F. to have arrived to an II by the beginning cells in full frames already arrived to the
of the current cycle, without any cells 3DQs and destined to & .
missing from the flow’s FCFS order,
without any cells missing in front of them, o » B (1) |,
the ordered cells. The total number of . Likewise, By ()=2N. . is the
ordered cells is A(t)= i A(t). By number of cells in full frames that have
=1 already been served by the second stage.
definition, if t is the beginning of a cycle
for EO k(thatis, t' = k+1+/-N, with /an ) ﬂ(,)=AII(')_Bﬂ(r)=z~:lr”t(’)—‘_“3:(')
integer),  then A (t) = A (t") when ' N N =l N N
¢ <t<t'+N-1. In addition, as shown in is the number of full frames queued in the
T ’ i 3DQs, and
Property 1, (
A (t'—Nz) <A (t') <A (t) (assume that 1y (=N 7D =4, ()=, ()
these values are zero for t' <0). B*®()and ¢™(:)are respectively the
. lative number of services and the
4. B, (t)is the number of ordered cells that eumu
i length of the queue in and FCFS OQ
S?avee alrsady ‘l:;fli‘ Setl;::s}:))t, th(; Secz:llg switch of speed-up 1, where the cumulative
£ . P ’ number of arrivals is 4° (1) .
B(t1)=25(1). 00 00
- 10. Similarly, B, (:)and g, (¢) correspond
KPS ACO 5O to what we will call the delayed version of
ivod ot amivedorersd o coll 0OQ, which is computed with a cumulative
——’Z st Sage _’Z —>_J—*number of arrivals equal to 4(:). In other
> : — Z Seco ’ g_—:words, it represents an OQ switch of speed-
’ up 1 with the same ordered arrivals as seen

by the IIs in the two-stage switch. There

(a) Two-stage switch with AFS-RR with 3DQ X
are some well-known properties of OQ

. " apply:
A D 8" 00
pived cells servioed cells
= a, ()=4(:)-B7(1),
—_ oQ _
— —

(b) OQ model for first stage (with 4° (¢) arivals)



o () =max (4()=4()=(-)).

0<sst

5 ()=max (4(s)+(-5)), and

0ssst
BZQ ()- BZQ (s) <t -5, whenever s <¢[11].

11. t' = k+1+1-N, where/is an integer, is any
time-slot when the cycle for EO & begins.

B. ASF-RR with 3DQs Average Delay within
a constant from OQ

In this section we will show that the
average delay for ASF-RR with 3DQs is
within a constant delay of the average delay
for an OQ switch for the same arriving traffic.

We will first compare ASF-RR with 3DQs
with the delayed OQ, which is an OQ having
the same ordered arrivals as the second stage.
We will show that ASF-RR with 3DQs is
work-conserving for full frames and as many
cells as the delayed OQ model, with a queue
size almost as small. This results in a bounded
average delay difference with the delayed OQ
model. Then we compare the delayed OQ
model with a regular OQ switch having the
same packet arrivals as the first stage. Using a
delay bounded average delay difference
between ASF-RR with 3DQs and an OQ
switch.

We start by establishing that whenever
there is at least one frame arrival to 3DQs, the
number of serviced frames increases by one in
the next cycle.

Lemma 1 If at least one frame arrives to
the second stage,
then B 4 (+N)= By ()+n.

Proof: Since every frame arrives to the
second stage is always full frames. Therefore,

# (') > 0 and by the property of 3DQs, at least
one full frame will be serviced. Thus,

B, (¢ +N) =By ()+nN.
Hence, B, (+nN)= By ()+N

O

Since Lemma 1 shows that ASF-RR with
3DQs is work-conserving for every frame
arrive to the 3DQs, Lemma 2 shows that the
number of serviced packets is close to the
number of packets serviced by an OQ switch.
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Lemma 2 B ()2 B ()- N
Proof: By induction on:
t'={k+1-N,K+1,...,K+1+[-N}.
Ift' =k+1-N,Bj (¢) =0and
oe ., , 2 . .
B, ()<t <1<N°, so the inequality holds.
Now, let the inequality be true for ¢'.

Case1: £ (') =0. Then,

By () =y (1)

5 [42]

i=1 N

> [INZlA (:')]—N(N—l)
> AG)-N(N-1)

> B? (£')-N(N-1)

By G +n)z Bl ()=N(N-D
>BY ((/ +N)-N)-NW-1)
>B?(+N)-N

Case 2: £ (') >0.Using Lemma 1,

Bﬂ(r'+N)ZBﬂ ()+N
ZBZQ (t')—N2 +N
>B?({+N)-N'

O

Since Lemma 2 shows that the number of
packet serviced by ASF-RR with 3DQs is
closed to the delayed OQ in some sense,
Lemma 3 concludes that the queue size for
ASF-RR with 3DQs is not bounded by the sum
of the queue size for the delayed OQ and a
constant. However, for heavy traffic, the queue
size for ASF-RR with 3DQs is close to this
bound value.

Lemma 3 g ()-¢7 () <N +v-1and
g()-q; (<N

Proof: Using the definitions and Lemma 2:
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4z (-4 () = [A,y ()-8, ]- [A(,')_ B (,')] 3. g +2n) 2 () -2 thus

[a, - aO]+[B7 ()-8, ()]

Using,
max[Aﬁ ()-4()]=N-1,
and max [B::‘2 (r) - Bﬁ, (1)] = Nz
Vg2 ()SN-1+N
NEAGR A GEL R
SN +N-1
Similarly,
g ()= () =[4G) - B(D]-[4()- 87 (D]
=B*()-B()

<B*()-B,()

Apply lemma 2, thus ¢ ()-¢> ()< N

o

The next two lemmas shows that ASF-RR
with 3DQs efficiently uses bandwidth in order
to remove the packets from the queues. Since
ASF-RR with 3DQs is work-conserving for all
frames. Lemma 4 shows that if there are

F()full frames at time t, then
exactly 7 (¢') full frames will be served in the

next f (') cycles. Lemma 5 generalizes this
idea.

Lemma 4 If at least one frame arrives to
the second stage,

thenBﬁ (t'+ ag (t)) =Agy ().

Proof: If g()=0, then by
definition ¢, (:)=o0and B, ()= Ay ).
Otherwise, ff(¢)>1and we can iteratively
apply Lemma 1 f (¢') times:

1. () =1, thus By (f+n)= By ()+N
(from Lemma 1).

2. f(+n)z g ()~1,thus
By (/' +2n) = By () +2n

By (/+3n) = By () +3n,
etc.
Finally, # (¢ +[#()-1]-~) 21, thus

By (+ G .N)= By ()+g(¢) N= Ag ()

By definition ¢, ()=N-f() forall ¢,

Hence B (t' +ag (z')) = Ay )
[m]

Lemma 5
B(t'+qff (t')+N(2N—2)) >4(")

Proof: We already know from
lemma 4 that B (i'+q; (:)) = 45 (') . Now
we need to show that during the next (2N -2)
cycles, at least 4(:')—4 P () cells will be

serviced. During these (2N-2) cycles, there
are at least 2N -2 full frames serviced.

Therefore, using lemma 1 and lemma 4:

By(i+qy (O+N(QN=-2))=dy ()+N(2N -2)

>4(")

By definition B () <B()

Hence, B(¢ + Gy G+ N(Q2N-2))=4()
[m]

We have shown that B(:)was tracking
4(¢") with a delay dependent on ¢, ¢;">. Since

we have linked g, (‘> with g’ (>, we can

find a first bound on the average delay in the
delay for ASF-RR with 3DQs as a function of
the average delay in the delayed OQ model.

Theorem 1 The average delay for ASF-RR
with 3DQs is less than the average delay for

the delayed OQ plus a constant 3N )

Proof:We know that
9y (<N +N-14¢7 () and



B('+qy; >+ N(2N -2))2 () (from
Lemma 3 and Lemma).

Therefore,

B(¢ +[¢2 () + N +N-1]+ N(2N =2)) 2 4(:")

or
B(¢+q° (f)+N(3N -1)-1) 2 4() But
we also know that:

B2 (¢ +q2 (1)< B () +q, (1) = 4D

Hence,

B(r+q2 (£)+ N(3N -1)-1) 2 B)° (£ + 47 (¢'))

. This implies that the average delay for a cell
coming at time t'is the delay that it would
have under the delayed OQ algorithm, plus at

most N (3N -1)-1.
Finally, note that all computations up until

now were for a t' that begins a cycle for output
k. If we choose any nonnegative integer t,

t——(k+l)

N
beginning of the cycle to which t belongs, and

let C=N(3N-1)-1+(N-1)=3N"-2. We
get:

then let t'=N-[ J+k+1be the

81+ (1)+C) 2 B(¢ +[4()~ 57 (1]+C)
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S'(S)=N‘[MJ+k+l, and

N
s-(nv-1)<s'(s)ss .

Then, according to the properties of the
delayed OQ we have:

5@ = min [4()+(c-9)]
=min [A(' () +(2-5)]
0<s<t
ZngiBt [4°(s'()-N")+(t-5)]

>min [4° (s-D)+(t-5)]

0<s<t

Let r=s-D. Since packets don’t arxive
before time-slot 0:

B¥ ()= min [A° (@) +(t-D)-7]
-DL7<t-D
> min [4°(2)+(t-D)-r]
0<7<t-D
> B% (+-D)
Since the delayed OQ and OQ are both
FCFS, the difference of delay for each cell
between those two systems will be at mostD .

Hence, the difference of average delay
between ASF-RR with 3DQs and OQ will be

atmost 3N? —2+ N>+ N-1=4N* + N-3.

0

> B(¢' +4()- B ()= (¥ -1+ C) Itis possible to improve this bound using a

>B(F+¢2 (1) +N(3N -1)-1)

> A()=4@)
Hence,
B(r+¢”(t)+C) 2B (1+47 (1))and  the
result is thus applicable to any time-slot ¢ .

a
Theorem 2 The average delay for ASF-RR
with 3DQs is less than the average delay for
OQ plus a constant 4N 2¢N-3

Proof: We compare the delays for OQ and
for the delayed version of OQ. Let
D =N’ +N-1.We’ll first show that the delay
of any cell in the delayed OQ is less than its
delay for OQ plus D .

For any time-slot s, lets'(s) be the time-
slot that marks the beginning of the cycle to
which s belongs:

difference algorithm that would take into
account the number of cells present in the non-
full frames. However, this would increase the
complexity and the communication in the
switch, and we believe that the trade-off is not
worth it.

C. ASF-RR with 3DQs has the same
throughput as OQ

Let’s first provide a few definitions.
Consider a switch with traffic arrival rates

(py) (from EI ito EO k ), and total queueing

size Q(t), where t is the current time-slot

1. The load of the arrival traffic is:

N N
p=max(max(2p,k),max(2pik)). The
K i=1 i k=1

arrival traffic is said to be admissible if p <1.

2. The switch is said to be strongly stable if
limsup(E[Q(t)]) < [17].

tw



3. The switch is said to have 100%
throughput if it is strongly stable whenever
the arrival traffic is admissible.

We have seen that there exists a bound
average delay difference between ASF-RR
with 3DQs and OQ switch. As a sequence,
ASF-RR  with 3DQs has the same
throughput as OQ, as Theorem 3 illustrates.

Theorem 3 ASF-RR with 3DQs and OQ
have the same throughput.

Proof: Let Q™ (f)and Q™ (t)be the
total queueing size at time-slot tin a switch
implementing OQ and ASF-RR with 3DQs,

respectively. Also, let C = 4N + N* =2N, and
assume that the cycle for EO k begin at t'(t),
with t-(N-1)<t'(t)<t. Using Lemma 3
and the proof for Theorem 2, we get:
g()<q(f () +N(N-1)
g (£ (1) +N +N(N-1)
<[a(e () =87 (£ ()] +2V* =N
<[a()=8 ()] +(N-1)+2N =N
<A()-B"(t-D)+2N* -1
<A (1)-B" (t)+D+2N" -1
<q () +3IN* +N-2
Taking into account both the buffering in

the 3DQs for the N external outputs and the
buffering in the VOQIs from the N external

inputs, we get (using g, (t) = g(t) for EOk ):

N
& (DY (NN

k=1

N
sNZ:q;m(t)+N~(3N2 +N-2)+N3

k=1

<™ ()+C

Thus, @ (1) <™ (1) <™ ()+C, since
0Q is work-conserving. Therefore, they have
the same throughput.

]

Property 4 Assume that the arrival traffic
patterns from EI ito EO k are (o, p, ) -upper

constrained. If the traffic is admissible, then
ASF-RR with 3DQs has 100% throughput.
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Proof: Let A, (n)be the cumulative
number of arrivals for cells going from ito k at

time-slot n, and let A, (n) = A, (n). Then
i=1

by definition, for all

1<i,k <Nando0<m < n,wehave

A,.k(n)—A,.k(m)Sp,k-(n—m)+a. This
implies that
A (n)-A(m)<p-(n-m)+N-o, thus
arrivals to any external output are (No, p)-
upper constrained. Since p <1, the maximum

queue length size in OQ is No [11]. The result
follows using Theorem 3

0O
V. CONCLUSION

Over the last few years, there have been
many results that show the conditions under
which single-stage crossbar switch with input
queues and no speedup can achieve 100%
throughput.

The two stage-switch introduced by C.S.
Chang et al. [10] achieves a 100% throughput
as well as a bound on the delay between it and
an output queued switch. This is achieved
without speedup and without a complicated
scheduling algorithm, and therefore represents
an important step towards efficient, high
capacity switches with delay guarantees. In its
simplest form the two-stage switch miss-
sequence packets. To maintain the sequence of
packets in the flow and bound the miss-
sequence packets, Keslassy et al [11]
proposed the Full Frame First algorithm that
prevent miss-sequencing while maintaining the
throughput and delay properties of the basic
switch. However, it clearly introduces more
complexity and if some packets loss, then this
scheme will accumulate the miss-sequence
packets in the buffers

In order to solve these problems, we
proposed the scheme called Adaptation Size
Frame-Round Robin with 3DQs mechanism
(ASF-RR with 3DQs). This scheme is simple
form and can achieve 100% throughput
guarantees and bound the delay time as well.
This scheme has the following advantages:

(i) The scheme can overcome head-of-
line blocking and enable high
throughput and provide delay



guarantees for a broad class of arrival
processes.

(i) It will not accumulate the miss-
sequence packets in the buffers if
some packets loss.

(iii) The average packet delay for ASF-RR
with 3DQs is bounded by the sum of
the average packet delay for OQ (with
the same traffic) and a constant delay.
No delay bounds exist for iSLIP,
which is widely used practical
heuristic for single-stage crossbar
switches.

(iv) ASF-RR with 3DQs does not require
much information to be sent between
each internal input and external
output.

(v) ASF-RR with 3DQs seems well suited
to optical switch fabrics base on
technologies such as MEMS, VCSE,
tunable lasers, etc.

However, ASF-RR with 3DQs has some
drawbacks.

(i) ASF-RR with 3DQs uses two
switching stages instead of one. This
is similar to using a crossbar switch
with speedup of two that normally
limit the speed of the system- i.e. the
bandwidth limit of the memories at
each stage, and the scheduler that
shall be run at the same speed as the
external line.

(i) ASF-RR with 3DQs needs double
amount of buffers (first-and-second
stage) instead of one buffer system.

(iij) ASF-RR with 3DQs uses N’ 3DQs in
the internal buffer, while single stage
switch usually use only N’VOQs,
thus requiring more pointers, and a
more complicated buffer management
algorithm.

We believe that the most interesting
application of the two-stage switch is for use
as the optical switching fabric in an otherwise
electronic  Internet router. Its  power
consumption, its size and the need for a
complex scheduler generally limit the switch
fabric in a router while optics can reduce both
size and power.
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ABSTRACT

In this paper, building on the two-stage switch, an algorithm called ASF-RR with 3DQs (Adaptation-Size-
Frame-RR with Three Dimensional Queues) is proposed.This algorithm can prevent the problem of packets out of
sequence in the load-balanced router in which different packets of the same flow may be taken into different paths.
In this paper, the performance is studied in the term of delay of the prevention of packets reordering in load-
balanced router. By using MATLAB to simulate and to compare the delay between ASF-RR with 3DQs and FFF
(Full Frame First). The simulations show that the average delays between ASF-RR with 3DQs and FFF are slightly
difference but ASF-RR with 3 DQs will not accumulate the miss-sequence packets in the buffers if some packets
loss like in FFF.
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