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On Scheduling Optical Packet Switches With
Reconfiguration Delay
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E/O
Conversion

switches/routers offers several advantages such as scalability, high Port 1 Switch Core
current technology (microelectromechanical system mirrors,
that may entail. A more appropriate way is to use a time slot as-

bandwidth, power consumption, and cost. However, reconfiguring

Inpu} 1 Scheduler
tunable elements, bubble switches, etc.). As a result, conventional
signment (TSA) scheduling approach to slow down the scheduling

Abstract—Using optical technology for the design of packet Optical
the optical fabric of these switches requires significant time under
slot-by-slot scheduling may severely cripple the performance of OE Output 1
these optical switches due to the frequent fabric reconfiguration ] < Conversion > <

rate. The switch gathers the incoming packets periodically and Port N : ]
schedules them in batches, holding each fabric configuration for Fiber
a period of time. The goal is to minimize the total transmission Connegtion
time, which includes the actual traffic-sending process and the | voQs E/O r";’/’

reconfiguration overhead. This optical switch scheduling problem Conversion

is defined in this paper and proved to be NP-complete. In partic- /
ular, earlier TSA algorithms normally assume the reconfiguration — + ) Con%'fsion Y
delay to be either zero or infinity for simplicity. To this end, we (6]
propose a practical algorithm ADJUST that breaks this limitation
and self-adjusts with different reconfiguration delay values.
The algorithm runs at O(ANZlog N) time complexity and
guarantees 100% throughput and bounded worst-case delay. In
addition, it outperforms existing TSA algorithms across a large
spectrum of reconfiguration values.

Crossbar

Fig. 1. System architecture of multirack hybrid packet switch.

In multirack systems, cables replace backplanes. It is pos-
sible to transport electrical signals between different racks,
using coax, twisted pair, etc., but considering there maybe
potentially thousands of signals traveling between different
racks, this quickly leads to a cabling nightmare. One tech-
|. INTRODUCTION nology increasingly used to solve the problem is optical fiber

HE EXPLOSION of Internet traffic has brought about afnterconnections. Since buffering in optical domain, such as
T acute need for broadband communication networks. TH§INd fiber delay lines (FDLs), is still immature, most packets

strengthens the demand for high-performance switches/rout&i& still stored in electronic buffers. If traditional electronic
g\ntching fabric is used, a series of electro-opitcal/opto-elec-

than ever before. Although transmission line rates haye/'“ . : :
increased rapidly over the past years [OC-3 (155 Mb/s) fgpnic conversions are needed at the buffer/interconnection and

0C-192 (10 Gb/s)], the use of dense wavelength divisidﬂterconnection/fabric edge. This translates to significant cost

multiplexing (DWDM) technology makes the aggregate switc"ﬂnd power consumption_s. . o )
An obvious solution is to use optical switching fabric to

throughput grow mainly along with the increase of port number X : X
uce the number of opto-electronic conversions. Optical

rather than port speed. However, due to the considerationsrglﬁ ice based di ional th gi ional
physical implementation, such as port failure avoidance, pdfrics based on two-dimensional (2-D)/three-dimensiona
-D) microelectromechanical system (MEMS) mirror [1],

density does not change much. To further comply with the stri . - .
network equipment building system (NEBS) physical-paclz- ermal bubble [2], waveguide [3], and ;lmllar tec.hnolog|efs
aging requirements on the number of cards in a single rack,h ve been developed. They further provide potential benefits

is necessary to distribute the whole switch/router over sevel&fuding scalability, high bit rate, and low power consumption
racks. on economical bases. The architecture of the switch is shown

in Fig. 1. Itis a hybrid structure with electronic buffers, optical
switching fabric, and optical interconnections.
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overheads range from milliseconds to microseconds. This is Stage

around 10! to 10 slot time for a system with slotted time Reqgnfiguration \ Traffic Sending|
equals to 50 ns (64 bytes at 10 Gh/s). [T 1 ]
It is obvious that traditional slot-by-slot scheduling method S .l e
may severely cripple the performance of optical switches be- 3L _ - - _ - _ T~ =7 —
cause of frequent fabric reconfiguration. The scheduling rate has S Transmit

to be slowed down and each schedule holds for some time. Time 2 |- = - -
slot assignment (TSA) method [5]-[11] is a common approach

////// // Schedule

to af:hieve this. The system periodically accumulates incoming i Accunulate Time
traffic and determines a set of schedules to deliver them. Sched- = . >
ules are held for some certain length to achieve the shortest total ' T - 3T

w——Packet Delay—n

transmission time of all accumulated traffic.
Unfortunately, the existence of reconfiguration delay compli- o
. L2 . . ig. 2. Three-stage pipeline diagram.
cates the scheduling problem. Transmission time now inclu %
not only actual traffic-sending time but reconfiguration time
as well . The corresponding transmission-time optimizatica  internal speedup of switch;
problem [named as optical switch scheduling (OSS) problemh]  traffic accumulation interval in slot times;
is proven to be NP-complete in this paper. Although extensil&  cumulative traffic matrix inll” time slots;
studies about TSA algorithms have been conducted, to the best number of schedules for traffic matrix D;
of our knowledge, almost all of them assume the reconfigurB-  fabric configuration/schedule (permutation matrix),
tion delay is zero [5]-[8] or infinity [9], [10] for simplicity. The ¢ holding length of schedule (weight);
assumption leads to a biased attention on minimizing eithér  regulating factor of ADJUST.
the actual traffic-sending time or reconfiguration overhead, This paper is based on a nonblocking switch model running
thus preventing these approaches perform well under mediumslotted manner. Arbitrary fabric configuratidn (one-to-one
reconfiguration overhead. A recently proposed DOUBLEput—output mapping) can always be set #pis 0—1 matrix
algorithm [11] tries to use a near minimum number (2N, N iwith at most one nonzero element for each row and column.
the number of switch ports) of configurations to achieve some; = 1 results in connecting inputto output;. A fixed, posi-
balance. However, it ignores the effect of reconfiguration deldiye reconfiguration overheadis entailed whenever the switch
when schedules the traffic. For two systems with the sarfabric resets. Speedupis needed to compensate this switching
traffic arrival pattern but different reconfiguration overheadyverhead. Itis the ratio of internal line rate to the input line rate.
DOUBLE always enforces the same scheduling strategy. The switch works in an accumulate-schedule-transmit cycle.
Obviously, this can be further improved. Taking system p&he length of the accumulating stage is set to be a predefined
rameters such as reconfiguration defgylength of accumu- system constanf. Incoming traffic in thesel’ time slots is
lating period7’ and number of switch portd into consider- stored in traffic matrix D.D = (d;;) is a non-negative integer
ation, we propose a new scheduling algorithm ADJUST. Th€ x N matrix.d,; represents the number of packets received in
algorithm uses a regulating factér= /T/6N to self-adjust input: whose destination is outpytduring the accumulating
with different systems. According to mathematical deducticstage. Scheduling stage then finds out a set of schedules for
and simulation, ADJUST outperforms DOUBLE and the prehe accumulated traffic. Holding lengths of the schedules are
vious extreme approaches across a large range of reconfiguietermined to achieve shortest transmission time. Transmission
tion values. It runs wittD(AN? log V) time complexity, guar- stage follows the scheduling decision, alternatively changing the
antees to send out traffic within 3T time slots, and is stable féabric between actual traffic-sending state and reconfiguration
all admissible traffic patterns. state. The operations can be further pipelined as shown in Fig. 2.
The remainder of this paper defines the scheduling problemThe transmission stage is composed of a set of traffic-sending
and then explores the design of the ADJUST algorithrgubstages and reconfiguration substages. One particular traffic-
Section I introduces the notations and switch model useending substage may contains several input—output connec-
throughout the paper. OSS problem is formally defined ifions, which all hold connected until none of them have traffic
Section Ill. Section IV is a review of previous research whictb send. Since some input ports may have transmitted out all
only consider zero or infinite reconfiguration overhead valuegeir packets while others still have some left, connections may
The ADJUST algorithm is described and discussed in detail y& wasted (see Fig. 3). These idle connections are called empty
Section V. Finally, the conclusion and future work is presentegne slots.
in Section VI. NP-completeness proof of the OSS problem is The pipeline diagram indicates that a packet will go through
included in the Appendix. the switch within37 slot times (here, we assume scheduling pe-
riod equals tdl” for simplicity). Traffic from at most three dif-
ferent batches may appear in a particular input buffer at the same
time. Assume3 is the number of bits sent to one input per time
Below is a list of notations used throughout the paper: slot. A buffer of size3T'B is enough for each input ardd’ B for
N number of switch ports; each output. If all ports are considered, the switch needs at most
) reconfiguration overhead in slot times; 5T BN bits buffer size. Since the traffic will always be sent out

Il. PRELIMINARIES
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Input  fabric Traffic ~ Reconfigu- of the accumulated traffic can be sent out. OSS tries to find out
queue configuration  Inputy gending __ration those matrices which minimize the transmission time.
Theorem 1:Optimization problem OSS is NP-complete
; whené > 0.
4 R = _Proof: The proof involves a reduction from the timetabl_e
) design problem [12]. Please refer to the Appendix for details.
Empty time slot The authors in [13] offers some basic explanation of NP-com-

pleteness and related concepts.

The above theorem forces us to abandon the research for ef-
ficient polynomial time algorithm that achieves optimal solu-
in bounded time, the scheduling algorithm is stable under afigns. We can only achieve suboptimal solutions using heuristic
admissible traffic patterns. Furthermore, bounded worst delagproach.

(37) makes it easy to provide quality-of-service (QoS) guaran-
tees.

Fig. 3. lllustration of empty time slots.

IV. RELATED WORKS ONSIMPLIFIED OSS RROBLEM

This section introduces some previous works. Most of them
assume reconfiguration delays to be zero or infinity to simplify

This section presents the TSA scheduling task in mathemtiie OSS problem. Comprehension of their execution strategy
ical forms. The OSS problem is a NP-complete optimizatidmelps to understand the property of OSS problem and motivate
problem. the proposal of ADJUST algorithm.

Definition 1 (Admissible Traffic):If traffic matrix D stands
for the packets that are accumulated dufingme slots, atraffic A, zero Reconfiguration Delay
pattern is admissible only when the line sumi®fis no larger
than?". Thatis,y" | d;; < T andy ", d;; < T. This paper
assumes traffic to the switch is admissible.

Definition 2 (Matrix Covering): A traffic matrix D is cov-
ered by a set of fabric configurationd™®), ..., P(®) and cor-

N N .. . .
responding weightg, . .. , DD ® > g vij e Wa(im dij Xjmy dig), Vij € ..., N, which s the
P GWeIGtSy, .., o, IF 30—y Ppij” 2 gy Vi j € maximum line sum. As a representatiigSA-1algorithm [5]

") i ! ) ) achieves this lower bound using a system of distinct represen-
P, In the case of equality for allandy, the switch configu-  tatives (SDR) method. A large number of configurations may

rationsexactly coverD. _ _ _ be used and is bounded M?> — 2N + 2. It has aO(N?) time
Definition 3 (Covering Cost):Given a traffic matrix D and complexity.

reconfiguration delay. If a particular set of switch configura-
tionsPW, ..., P®) with weights¢, . . ., ¢, covers the traffic
matrix, the covering cost is defined asst = >, _, ¢ + 6.
Definition 4 (OSS Problem)Given a traffic matrix D, recon- ~ Normally, reconfiguration delay is considered to be infinite
figuration delays and accumulation timé, find a set of switch if it is comparable large td’. Now, s6 occupies the major
configurations and their respective weights, which covers tR@rtion of covering costy";,_, ¢, + s6. Equation (3) is

I1l. OSS RROBLEM

Please note OSS problem with zero configuration overhead
is not NP-complete and its optimal solution is achieved by
many algorithms [5], [8], [10]. Equation (3) now changes to
minimize Y";_, ¢x. The lower bound of)";_, ¢, equals

1,...,N. Here,p(f) isthe(i, j) element of configuration matrix

B. Infinite Reconfiguration Delay

traffic matrix and minimizes the covering cost. satisfied only whers is first minimized. The lower bound of
Input An N x N non-negative integer matrix D, positivelS max(max;(r;), max;(c;)), Vi,j € 1,..., N, wherer;(c;)
integerd, andT', D satisfies is the number of nonzero entries on rocolumny). The OSS

problem with infinite configuration delay is still NP-complete,
N N and only a suboptimal solution can be achieved. The repre-
Zdij <T, Zdij <T, Vijel,...,N. (1) sentative is the K-transponders (KT) algorithm proposed in
i=1 j=1 [9]. KT uses the least possible number of configurations and

thus minimizes thes6 part. Furthermore, it tries to group the

Output A set of configuration matrice®™), ..., P() and matrix entries which are roughly equal in the same switching
the corresponding non-negative integer weights . ., ¢, sat- matrix. This helps to avoid empty time slots and, hence, reduces
isfy S i_; ¢x- KT has anO(N*) time complexity.

ST opls > diy, Vijel... N 2) V. ADJUSTALGORITHM
kfl Although assuming the reconfiguration delay to be extreme
Z dr + 56 is minimized 3) values may greatly simplify the problem, scheduling algorithms

need to deal with medium reconfiguration values in most cases.

An example in Fig. 4 shows two different methods for covering a
Admissible traffic ensures none of the switch output is ovetraffic matrix. The strategy in Fig. 4(a) covers the matrix exactly

loaded. If the configuration matrices cover the traffic matrix, alvith four configurations, using2 + 46 time slots. Its alternative

k=1
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Fig. 5. One-to-one mapping between traffic matrix and bipartite multigraph.
00 The algorithm generates quotient matrix A by dividing the el-
Time ements inD by T/AN and taking the floor. That isg;; =

L(di;)/(T/AN)], 1 < i,5 < N. Here, X is the regulating
factor. Choosing an appropriate value fois crucial to the per-
formance of the algorithm.

reconfiguration Lemma 1: The line sum of the quotient matrix is bounded by

[ <% 3
XX| empty time slots overhead
AN.

b . ..
®) Proof: The admissible trafflc ensures, fori,j; €
Fig. 4. Tradeoff between empty time slots and number of conflguratlop 2,..., N, Z d;; < T, Z d;; < T. Consider a row in
matrices. =17 = =17 =
quotlent matrix A

in Fig. 4(b) uses only three configurations with co$#36. The

; ! ! N N g Y g T
better strategy is determined by differéntalues. Z‘“J _ Z { “J < { J:Tl ]J < {TJ < AN
7j=1 j=1 AN AN AN

A. Tradeoff Between Empty Time Slots and Reconfiguration

Overheads Proof for columns in A follows the same way.

Extreme approaches, such as TSA-1 and KT, perform well att emma 2: An N x N traffic matrix D with maximum line
their targeting cases, but they are not scalable to medium recgiim L., can be covered using, configuration matrices.
figuration delay values. The covering cost of TSA-1 is bounded Proof: There exists a one-to-one mapping between this
by T + (N? + 2N — 2)6, which grows at least with the squarematrix-covering problem and edge-coloring problem for bipar-
of the switch port number. This is unacceptable for a systefte multigraph. The upper part of Fig. 5 shows an example of
with large port number or reconfiguration delay. KT algorithninapping between traffic matrix and bipartite multigraph. Input
avoids the above problem by extending the holding length of ta@d output ports are mapped to be vertex setd;,If= w in
configurations, taking the risk of introducing more empty slotsaffic matrix D, there arev edges between the corresponding
Although KT groups similar elements together to reduce thertices. Bipartite multigraph with maximum degrde is
empty time slots, it cannot fully avoid wastage. The authors fitoven to bel, colorable. Vertices and edges belonging to a
[11] show the traffic-sending time may be as largéXd®g N)  particular color can be mapped back to a switch configuration.
times of the actual time needed. For detailed proof of the edge coloring [14, Ch. 5].

The problem of TSA-1 and KT is that they only concentrate Corollary 1: Quotient matrix A can be covered usingV
on minimizing one of the two influencing factors: number ofonfiguration matrices.
configurations or empty time slots, rather than finding a balance  proof: This comes directly from Lemma 1 and Lemma 2.
between them. To keep the summation of traffic-sending timeThe residue matrix B is defined ds; = max(0,d;; —
and reconfiguration overhead minimal, the algorithms shoufd®/AN7 x a;;). From its construction method, we can see
carefully take care both of them. 0 < b;j; < [T/ANT]. The simplest way to cover it is to find

) o configuration matrices which collectively represent aniall
B. Algorithm Description matrix, each with weighfZ’/AN1. KT algorithm may provide

The idea of ADJUST is motivated from using a moderateetter performance with higher time complexitp(N?)).
number of configurations to achieve balance. The algorithBdge-coloring algorithm is another candidate and its input now
should self-adjust to different system parameters and has @ bipartite “unigraph” (lower part of Fig. 5) constructed from
time complexity. residue matrix B. All three covering methods use at m@gst

ADJUST works by separating traffib into aquotientma- configurations. Furthermore, the latter two use the minimum
trix and aresiduematrix and assigning configurations to eachpossible number of configurations.
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By now, we can see TABLE |
COMPARISONBETWEEN TSA-I, KT, DOUBLE, AND ADJUST
D= ’V%-‘ x A+ B Configuration Number Covering Cost Time Complexity

TSA-1 N2 -2N +2 T+ (N?—2N +2)é O(N%)
T AN AN+N T "
< ’V)\_N“ % Zp(k) + Z ’V)\_N“ %« P& (4) KT N TlogN + N¢§ O(N%)

k=1 k=AN+1 DOUBLE 2N 2T + 2N§ O(N?log N)

ADJUST (VT/6N + )N T+ 6N +2V6TN O(AN?log N)

The covering cost of quotient and residue matrix is

cost= Z dr+0s T/ . . . . . :
e 1000 {TSA-1- - - TSA-1/- - ADJUST -ADJUST: -ADJUST- ADJUST
Nrr ANIN : : : : : :
k=1 k=AN+1
= (T+5N)+ <5AN+§) . G) 1

The first part of (5) is a constant determined by system se ;..
tings. In order to minimize (5§AN + T'/\ needs to be mini-
mized. : : : : :

Corollary 2: Covering cost of ADJUST is minimized when 4 16 3 64 128 1024
A= /T/6N.

Proof: SinceéAN x T'/\ = §NT = counstant, the cov- Fig. 6. Minimum speedup. The algorithm which requires minimum speedup
ering cost of ADJUST is minimized whef\N = T'/\. That atthe crosspoints is labeled.
is, to set the regulation factorequivalent to,/T/6N.

DOUBLE algorithm previously proposed in [11] can be The pipelined scheme mentioned in Section Il requires traffic
viewed as a special case of ADJUST, which always §etsl.  accumulated irl’ time slots to be sent out iff’ time slots.

Traffic matrix D is divided byI’/N and generates two matrices'Speedups is needed to compensate the reconfiguration over-

coarsematrix A a;; = [(di;)/(T/N)] andfine matrix B head suffered in transmission stageequals total transmis-
bij = mawx(0,di; — [T/N] X ai;). Both matrices can be sjon time over the accumulation time. For example, minimum
covered usingV configurations with weigh{7'/N7. speedup for DOUBLE and ADJUST aget 2N6/T and1 +

An example of the ADJUST execution is shown in Flg 7(C)N§/T + QW Under the same System paramet]&n 6,
ForN = 3,T = 48, andé = 1, the regulating factoA = 7T speedup required by ADJUST is always less than that of
V/T/6N = 4. Quotient matrix A is generated by first dividingDOUBLE. Fig. 6 plots which algorithm gives the minimum
each element of traffic matrix D /AN = 4 and then taking speedup S for some commonly used valued/aind7’/5. For
the floor. For exampley,; is calculated byii; = [d11/4]. The  small port numbeftN = 4) or relatively small reconfiguration
edge coloring algorithm is used to find out the configurationgelay (7/5 = 1000), the TSA-1 algorithm is better because
to cover A. Configurations for residue matrix B can be fOUnﬁ minimizes the empty time slots and the induced reconfigu-
using any algorithm listed above. ration delay is small. If the reconfiguration delay is relatively

The two main operations of ADJUST determine its time COMarge(1'/6 = 10), KT algorithm which targets in reducing the
plexity. Dividing the traffic matrix D into quotient and residuenumber of schedules takes the advantage. However, for a large

part takesO(N?) time. The edge-coloring algorithm in Step Zportion of test region, ADJUST is better.
has a complexity 0O( E log V') [15]. E is the number of edges

andV is the number of vertices in the bipartite multigraph. Be-
cause the bipartite multigraph corresponds to quotient matiyyorithm 1 ADJUST algorithm
A,V = O(N), andE = O(AN?). As awhole, ADJUST has a

i i 27 Input :

time complexity of0(AN"log N'). N x N non-negative integer matrix D,
. . positive integer 6 and T

C. Discussion Output :

Table | shows a detailed comparison between the four algo- a set of configuration matrices
rithms we mentioned in this paper: TSA-1, KT, DOUBLE,and P, ..., P®) and the corresponding

ADJUST. They are compared with each other on time com- non-negative integer weights D1y, bs
plexity, covering cost bound and the number of configurations Description
used to cover the traffic matrix. ADJUST and DOUBLE aregen-  Set the regulating factor A=+/T/éN.

erally better in terms of cost bound and time complexity. Split traffic matrix D into quotient
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matrix A and residue matrix B, such 288 2
that D = [42016| N=3, T=48, Delay =1
2202

a) KT algorithm

I T

Gij = | T 002 [os80] [2800
AN - 0200 +|4 00| +|0 016

bij:max <0,di]'— ’V—-‘ xaij> 20 002 020

s=3, Traffic-sending=20+20+28=68, cost=71

1<i,j<N
b) DOUBLE algorithm
Schedule quotient matrix A 16{(1) (1) ?:l{fi ﬂ
i) Construct an N x N bipartite multi- 01 2 4
graph G4 from A. Vertices in G4 1 ool [oo0o0 1200 fo8ol[oo?2
stand for switch ports. The number =16{|0 1 0 +[0 0 1} + {o 4 0:]{0 0 ﬂ+[4 0 ﬂ
of edges between vertices is equal [0 0 J 010 004 (20 0 4

to the value of the corresponding

entry in A. s=2+3, Traffic-sending=16x2+12+8+4=56, cost=61
i) Find a minimal edge coloring of

G 4. For detailed procedures, please ©) ADJUST algorithm
refer to [15]. 4'1/ §2+8 8%

iii) Map the edge-coloring results 055l 20
back to switch configurations.
Edges with a specific color in Ga 500] [200] 020} 1002
correspond to a switch configura- =4{|10 5 01%/0 0 44110 0} J+ (2) 8 0
tion P, Repeat this step until 003105 00

no color is left. Set the holding
length of configurations to be
|'T/)\N'|, Fig. 7. Example of execution of KT, DOUBLE, and ADJUST.

Schedule residue matrix B

s=3+1, Traffic-sending=4x(5+5+2)+2=50, cost=54

i) Method a. Find any N nonoverlapping 055 0. & 0 6 0 6.0 6.0 6.0 & 0.6 0 6 0
switch schedules whose summation is % Coarse
an all 1's matrix, and set ¢; to be so- ~O total DOUBLE used 1

—%— Quotient
|—T/)\N_]’ or zgfasliTSJUSTused
i) Method b. Use KT algorithm
iii) Method c. Use edge-coloring algo-
rithm. Construct an N x N bipartite
unigraph G5 from B. Vertices in G’
stand for switch ports. There is
one edge between vertex i and j if
b;; # 0. The following operation is
similar to what is done to G4.

Number of configurations used
w »
o o
T T
L

n
o
T

An example is given in Fig. 7 to further clarify the executiot
of KT, DOUBLE, and ADJUST. In this particular exampleis
set to be relative smalls = 1), compared with accumulating  °© ' %2 0@ 04 88, 00 o7 08 e
length(T = 48). Itis not surprising that KT has the largest cov-
ering cost due to huge number of wasted time slots. DOUBLRY- _8. Number of co_nfigurations DOUBLE and ADJUST used to cover

. . . . matrices for 32x 32 switch.
gives a schedule with a cost of 61. Itis not so cost saving because
the algorithm selects a partition factby N = 16, which incurs
a large fine matrix with high cost (see [11] for execution detail). Fig. 8 shows the number of configurations DOUBLE and
In other words, the choice of 16 as a partition factor makes tA®JUST algorithm will use for switch with port number 32.
two matrices unbalanced. On the other hand, ADJUST finds @he three almost horizontal dotted lines stand for the number
appropriate number of reconfiguration matrices, and also mawf-configurations DOUBLE needs to coveoarsematrix, fine
tains a small deviation for elements in the same configuratiamatrix, and the whole traffic matrix (from bottom to up, respec-
That is why it achieves the best result of all the three algorithrtigely). Even if 6 changes from relatively small valyé.057")

presented. to large valugT'), DOUBLE fixes its decision. In contrast, the
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total number of configurations that ADJUST used decreasesas), .. ., P®) and corresponding coefficients™™), ..., ¢(),

6 get larger. This automatically defeats the inverse effects of iwhich satisfies

creased reconfiguration overhead. Simulation shows ADJUST N N

can keep this good property regardless the value of N. Because Z di; <T, Zdii <T, Vijel,2,....N
of its property of self-adjusting to different system parameters, ;= =

ADJUST may save 20% covering cost over DOUBLE on av- s

erage for small switch port number. The saving effect increases Z ¢>kp§f) >dij, Vi,5€l,...,N

for larger switches, i.e., 50% for 32 32 switches and longer k=1

reconfiguration time. 5 S
Letus further consider the performance of ADJUST under the Z ¢k + 56 is minimized
extreme overhead values &s—~ 0 andé — oo. Whend — 0, k=1
A = /T/SN — oo, T/AN — 0, which implies traffic ma-
trix D is divided asD = D + 0. Now, ADJUST equals using B. Corresponding Decision Problem: Decision Optical Switch
only Step 2 (edge coloring) to find out a covering for the traffi&cheduling (Dec-OSS)

matrix. It can achieve the lower bound Bf;_, A (whichis  Given a non-negative integaf x IV traffic matrix D, positive
the same result a6SA-) but may use slightly more configu- integer constant, 7', andC. Does there exist a set of config-
rations. The result is not bad compare to the reduction of tigation matrices?(V), ..., P(*) and corresponding coefficients
complexity fromO(N*) to O(AN?log N). If § — oo, AD- (1) 4() which satisfies

JUST will put traffic matrix solely into residue matrix. Step 3 ’ .

determines its performance. Choices can be made from the three (k) N o

candidates based on complexity and performance requirements. kZ=1 o 2 dij, V€L N

i(ﬁk-l-ségc

VI. CONCLUSION k=1

Alon_g with the fast developmgnt of InFernet, _opﬂcab Existing NP-Complete Problem: Restricted Timetable
switching technologies are becoming attractive for its hu%esign (R-TTD) Problem

capacity and scalability. However, the existence of reconfig- _
uration delay makes the OSS problem to be NP-complete. AThe TTD problem is as follows:
good heuristic algorithm should find out a balance betweenGiven:

the number of configurations and empty time slots over all 1) asetd = {hq, ho, ..., } of [ hours;
possible delay values. The ADJUST algorithm proposed in 2) asetl’ = {T1,T>,...,T,} of n teachers;
this paper successfully achieves this by covering the traffic 3) asetC = {C4,Cs,...,C,,} of m classes;

matrix using quotient and residue matrices. The number of the4) arelationd: 7' — H which represents the availability of

configurations and their length dynamically suits the system  the teachers, teach&y being available in timé, if and

parameters®, 7', and N) to get the best result. Mathematical only if hy, € A(T;);

deduction and simulation show that ADJUST outperforms 5) a relationB: C — H which similarly represents the

performance of previous algorithm over a large range of  availability of the classes;

configuration overhead. In addition, the algorithm is stable and 6) arequirement matrix R of dimensidnx M, where entry

provides bounded delay guarantee with small time complexity.  r;; represents the requirement that teachiemust teach
Scheduling of the optical switches with reconfigurationdelay ~ classC) for r;; hours.

raises many interesting questions for future studies. Our solu-QuestionDoes there exist an assignment functfori’ x C' x

tion is based on a time slot assignment approach. It is also pgs-— 0, 1, such that we have the following:

siblle to use some existing scheduling algori_thm of electronic 1) f(1;, C;, hy,) = 1 implieshy, € A(T;) N B(C;), i.e., the

switch [16]-[18] plus the idea of burst scheduling [4]. How does  teacher and class must be available.

this different approach compare with TSA based algorithm? Is 2) Srer(Ti,Ci hy) < 1forall Cj € C, h; € H,i.e., no

it stable under all traffic pattern? Also, if the cross points of op-  ¢Jass is taught by more than one teacher in any one hour.

tical switch is allowed to reset asynchronously, how should the 3) Yo co(TiCj hy) < Lforall T; € T, hy € H,ie., no

algorithm changes to accommodate this more complicated envi- -~ teacher teaches in more than one class in any given hour.
ronment? Further research is needed for all the above questionsyy Snen(TiCjhy) = rijforall T, € T, C; € C e
vk (3 ’ () 7 y y 1LE.,
the requirements are satisfied.
Restricted timetable design has only 3 haiirs 3), in which
APPENDIX the classes are always available(C;) = H) forall C; € C,
PROOF OF THENP-COMPLETENESS OFOSS FROBLEM and the requirement matrix R is the 0—1 matrix. It is known to
Lo i be NP-complete [12].
A. Optimization Problem: OSS Claim: The Dec-OSS Is NP-Complete:
Given a non-negative integéf x N traffic matrix D, positive Proof: The Dec-OSS problem is proven to be NP-com-
integer constant, and T, find a set of configuration matricesplete by reducing from the R-TTD problem.
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A(T3) = {h3) o I
‘ 1 2
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3
1
Constructed S
Requirement for instance of
matrix Dec-OSS

Fig. 9. Example of mapping from R-TTD to Dec-OSS.

Step 1: R-TTDRxDec-0OSS: Given an instance of R-TTD, we
create N x (M + N) matrix E for instance of Dec-OSS. The
procedure is as follows:

1) Upper left-handV x M submatrix of E: Simply copy

exactly the 0-1 requirement matrix R from the R-TTD

instance.
2) Lower left-handV x M submatrix of E is filled entirely
with zero entries.
3) Theright-han@N x N submatrix is constructed from the
teacher availability function A in the following manner.
« Initialize all entries as zero.
e For eachh;, k = 1, 2, 3, and for eacl;,7 =
1,2,...,N, set entrye,, equalsk. The values of
p andgq are given by

I hi ¢ o(T;)
P=i+ N, otherwise
[ Mtit k-1, i+k—1<N
1= \M+i+k-N—-1, i+k—-1>N"

Fig. 9 shows an example of the above mapping from require-

ment matrix of R-TTD to an instance of Dec-OSS problem.

Now, define an instance of problem Dec-OSS: Whether E can
be covered with the linear combination of a set of permutation

matrices and the cost is no more than 36.
Below are s some observations of matrix E.

1) The minimum number of permutation matrices needed
coverE is three Denoter;(c;) as the number of nonzero
entries in rowi(columny). For the columns of E, clearly,
since|H| = 3, R must have no more than thres ih
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2) The column summation in right-hand submatrix equals
six Thatis,> Y eij =6, M +1 < j < M + N.Itis
obvious from the construction of E.

Step 2: Dec-OSS is Satisfiable if the R-TTD Problem Has a

Solution:
Proof:

1) “If” part: Given a true instance of R-TTD, we can find a
scheduling of the traffic matrix E in the following way
to make Dec-OSS satisfied. First, consider the upper
left-hand of E and pick out the entities corresponding
to those classes taught in holy. It is clear that there

is at most one /i;-entry” in each line according to
requirement 2 and 3 of the definition of TTD. Then, we
pick up those entities valued 1 2&W x N right-hand
submatrix of E. From the traffic matrix construction
procedure, no two such 1-entries occupy the same line.
These ‘hi-entries” will generate a switching matrix.
Otherwise, the only possibility is that oné-entry”

and one l-entry occupy the same row. This means the
teacher teaching the corresponding class is unavailable
in hour by and, thus, is a contradiction. This switching
matrix has duration of one. Similarly, picking ups-en-
tries” and the 2-entries forms a switching matrix with
duration 2 and hs-entries,” and the 3-entries forms a
switching matrix with duration 3. These three switching
matrices together form a cover for E, and the cost is
14+2+4+3+36 = 6+ 36. That implies Dec-OSS is
satisfiable.

“Only if' part: From the first observation of E, at least
three permutation matrices are needed to cover the matrix
E. The second observation sho@§f=1 ¢; > 6. These
imply, for any constructed Dec-OSS instanye;,_, ¢; +

s6 > 6+36. So, if such Dec-OSS instance has a “yes” so-
lution, we can conclude there exists a scheduling such that
the number of permutations is three and that the corre-
sponding)_;_, ¢; equals six. Just consider the right-hand
2N x N submatrix of E. To mak&_’_, ¢; equals six,

the only possible way is to have three switching ma-
trices, containing all N 3-entries, all N 2-entries, and all
N 1-entries, respectively. Consider the switching matrix
containing all N 3-entries. Clearly, there is at most one
nonzero entry in each for the upper left-hakld< N sub-
matrix. We can assign all corresponding classes in hour
hi. Classes in hourk; andhs can be similarly arranged
without any confliction.

2)

to

From the above discussion, we know OSS problem is NP-com-

lete.
each column, and therefore; < 3,5 = 1,2,..., M. P
Similarly, by the construction of k;; = 3 for j = M +
1,...,M + N. For the rows of E, the construction again ACKNOWLEDGMENT

ensures that; < 3for: = N +1,...,2N. Fori =

The authors would like to thank Prof. X.-R. Cao and W.-X.

, N, r; represents the number of hours teacher
must teach, plus the number of hours he is not availab
which again can be no greater than the total number of
hours: three. Thus, for each row or column of E, there are
at most three nonzero elements. By Theorem 2, for such _ _

. . . . [1] A.Neukermans and R. Ramaswami, “MEMS technology for optical net-
matrix, the minimum achievable number of permutation

: . working applications,"EEE Commun. Maguvol. 39, pp. 62—-69, Jan.
matrices is three. 2001.

%hang for many helpful discussions.
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