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Abslrucr- We introduce a meshed ring communications network which 
employs cross-connect switches. The cross-connect switches can be imple- 
mented as wavelength routers resulting in WDM networks, or as ATM Vir- 
tual Path (VP) switches leading to ATM compatible network systems. We 
show in the paper that this network architecture results in a significant in- 
crease in throughput performance in comparison with SONET ring net- 
works. For a certain class of meshed rings, under a uniform t M c  ma- 
trix, we derive the optimal topology which achieves maximum throughput 
efliciency. For practical implementation reasons, we investigate the perfor- 
mance of networks which employ a reduced number of identifiers (e.g., us- 
ing fewer wavelengths or fewer VPI’s). We demonstrate that by increasing 
the bandwidth allocated to wavelength subnetworks, the required number 
of wavelengths is reduced. Furthermore, we show that by modifying the 
topological layout of the meshed ring network, we can reduce substantially 
the number of required wavelengths (or identifiers), while incurring just a 
modest reduction in throughput efficiency. 

K e y o r h -  all-optical networks, wavelength-division networks, WDM, 
cross-connect ATM 

I. INTRODUCTION 

We investigate a meshed ring communication network which 
employs cross-connect switches. This network offers a through- 
put capacity level which is significantly higher than that attained 
by ring networks. It can be implemented as an all-optical net- 
work using WDM or as an ATM compatible network. Cross- 
connect switches are employed for routing over pre-established 
wavelength graphs o r  over pre-set ATM virtual paths. This net- 
work does not require store-and-forward queueing and process- 
ing mechanisms to be implemented at the switches for handling 
internal traffic flows. A station accesses the ring network by at- 
taching to a switch port. Once a data packet is admitted into the 
network, it  experiences no queueing delays at the switches it tra- 
verses. Also, no packet losses are incurred within the network. 
With a sufficient number of identifiers (wavelengths or VPI’s), 
the throughput efficiency of this cross-connect network is shown 
to be equal to that attained by a more complex store-and-forward 
network. Very little buffering is needed in the network. This 
property along with the requirement of simple routing decisions, 
and the use of a simple and robust interconnect topology, allow 
this network to be synthesized by high speed optoelectronic and 
optical components. Other optical cross-connect networks are 
described in [ 11, [2]. 

Ring architectures have been used by many network systems 
such as token ring, FDDI, SONET ring [3], MetaRing [4], and 
ATMR [ 5 ]  networks and are shown to be highly efficient and 
survivable. For a ring network with spatial reuse, more than 
one transmission can be initiated simultaneously in time. With 
uniform destinations, a spatial-reuse factor of 4 is achievable 
and the throughput efficiency is increased to 100% of that of 
a ring network without spatial reuse (61. By meshing the ring, 

using a 

even better performance is achieved. This type of topology is 
called a meshed ring [7] ,  [8] or a chordal ring [9], [IO]. The 
network architecture in this paper is modified from the SMART- 
Net (Scaleable Multichannel Adaptable Ring Terabit Network) 
introduced in [7], [8]. Our network consists of switches (or 
routers) which are connected into a peripheral ring topology us- 
ing bi-directional links to connect neighboring switch nodes. 
The ring is then meshed by connecting each switch to two 
switches other than its two direct neighbor switches located on 
the peripheral ring. This is again done by using bi-directional 
links identified as chords. To increase the throughput efficiency 
and to divide the network into multiple subnets for simpler rout- 
ing decisions, identifiers (e.g., wavelengths as used in SMART- 
Net) are used. Each identifier serves to identify several chan- 
nels or subnets. Switches in this network can be programmable 
wavelength-sensitive routers or ATM cross-connect switches. 
After programming, each switch operation is characterized by 
a fixed switching matrix. An incoming message is switched to 
a pre-scheduled output link based on its input link and on the 
identifier it carries. This part of architecture is similar to that 
of SMARTNet. In contrast with the latter, additional compo- 
nents are added to the switches in our network so that termi- 
nals (users, hosts, or stations) access the network directly by 
attaching to switch ports. This is different from the terminal ac- 
cess method used in SMARTNet, where each terminal accesses 
the network through Ring Interface Units (RIU’s) (or Add-Drop 
Multiplexors) inserted across the peripheral links. This modi- 
fication allows us to implement a simpler way for constructing 
subnets, and requires fewer wavelengths to be used in compari- 
son with those needed for the SMARTNet operation. (See [ 111 
for preliminary results for such an architecture.) 

The rest of the paper is organized as follows. Section 2 de- 
scribes the network architecture and its concept of operation. A 
key throughput performance measure is defined and discussed 
in Section 3. In Section 4, the optimal topology under the cri- 
terion of minimum average path length is presented. In Section 
5, we presented the performance of the network with a reduced 
number of identifiers (e.g., wavelengths or VPI’s). Conclusions 
are drawn in Section 6. 

11. SYSTEM DESCRIPTION 

A. Network Topology 

We investigate a meshed ring network topology, as shown 
in Fig. 1.  This network has K nodes, which are denoted 
as R(O), . . . , R(K - 1). Each node represents a router or a 
switch. The links included in the peripheral ring are identified 
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as ring l inks (or segments). The other links are called chordal 
links or chords. The meshed ring is represented by a direc- 
tional graph. G(V. E ) .  Each link represents two counter direc- 
tional links. The set V includes all nodes (or switches); i.e., 
V = (R(0 ) .  R(1), . . . , R(K - l)}. E represents the set of all 
links (or edges). 

The degree of switch node R ( k ) ,  denoted as D ( k ) ,  is equal 
to the number of links incident at R ( k ) .  For example, in Fig. I ,  
D(0)  = 5, and D(1) = 4. We consider here a network for 
which all nodes have a fixed degree of 4; i.e., D ( k )  = D = 4, 
for all k .  A network topology which assigns lower nodal de- 
grees requires the use of simpler switches in that each switch 
uses a smaller number of node-to-node interfacing (“1) ports. 
For a network whose nodes have all degree D = 4, each switch 
node is connected to its two neighboring nodes along the pe- 
ripheral ring as well as to two other switch nodes through two 
chord links. Given D and K ,  there are many ways of placing 
the chords. We investigate symmetric graph topologies. 

Define R ( ( k  + M) mod K )  and R ( ( k  - M) mod K )  as the 
two M-th neighbors of R ( k )  on the ring, assuming AI 2 2. 
For D = 4. a symmetrical graph is called an M-th order graph 
if each switch node is connected to both of its M-th neighbors 
by chords. Such a graph is denoted as G ( K ,  M). Due to its 
symmetrical topology, G ( K ,  M )  is isomorphic to G ( K ,  K - 
M ) ,  so that we set 2 5 hi 5 [ ( K  - 1)/21. 

B. Switch Structure 

Each switch has two types of ports, link ports and terminal 
ports. Each port actually represents a pair: an input port and an 
output port. The link ports are used to connect the switch node 
with other switch nodes. Terminals (or stations, hosts, users) are 
connected to a switch node and access the network via terminal 
ports. We note that a switch node carries traffic flows associated 
with its directly attached terminals (“external” flows) as well as 
traffic flows which are received across network links from other 
switch nodes (“internal” flows). 

The loading of the network by stations is characterized by the 
terminal loading matrix = uzJ,  where utJ denotes the external 
traffic flow rate from (source) terminals attached to switch node 
i to (destination) terminals attached to switch node j, 0 5 i ,  j 5 
K - 1. We assume a uniform traffic flow pattern, so that u , ~  = U ,  

fori # j, and utJ = 0, fori = j. 
Each switch node acts as a cross-connect switch in handling 

internal traffic flows. Switching is performed in accordance 
with a pre-scheduled switching matrix. An incoming data unit 
(packet) is switched into an outgoing link based on the identity 
of its incoming link and on a label it carries (or an input link re- 
source such as a wavelength, a time-slot, or a code it is identified 
with). The switching process is a mapping from an input triplet 
(link, label, resource) to an output triplet with the same fields. 
One of the latter two fields is optinal. Denote the tag included 
in the field(s), other than link, as an identifier. The input link 
will always be different from the output link, while the input la- 
bel (or resource) can be the same as or different from the output 
label (or resource). 

An example of (link, resource) mapping is provided by the 
wavelength router shown in Fig. 2(a) with its corresponding 
switching matrix shown in Fig. 2(b). The XI, (Xo,) identifiers 

presented in the switching table correspond to the input (output) 
wavelengths. If no wavelength translation is performed. then 
A, = Xri = Xoi. The switching table shown in Fig. 2(b) is non- 
interfering; i.e., there are no repeating input identifiers (wave- 
lengths) in  each single row and no repeating output identifiers in 
each single column. In addition, if for simplicity of implementa- 
tion, we assume that the input resource is the same as the output 
resource, then the input (output) resources in the same column 
of a switching table must also be distinct. In this special case, 
the switching table is said to be strictly non-intetfering and a 
wavelength router implementing such a switching table is called 
a Latin router. Latin routers have been used in other network ap- 
plications due to their fault tolerance features and low cost [ 121, 
[ 131. In this paper, we assume the switching tables to be strictly 
non-interfering. 

C. Network Operation Assumptions 

The network can employ either a circuit switching or a packet 
switching method. The access mechanism can be either syn- 
chronous (e.g., by using a slotted access method [ 5 ] ) ,  or asyn- 
chronous (e.g., by employing a buffer insertion scheme [6]). A 
destination removal procedure is used, so that once a packet 
reaches its destination, it is removed from the network. 

D. Subnet (Wavelength Graph) Construction 

Let p denote a path connecting any pair of switch nodes, and 
pi j  denote a path between switch node i and j .  The associated 
path length is denoted as ?r and rij, where the path length is 
equal to the total number of links included in the path. There 
may be many possible paths between each pair of switch nodes. 
For example, in Fig. 3, po3(0).  po3(1), and p03(2)  are paths be- 
tween switch node R(0) and R(3) .  

We introduce the idea of an I-subnet. 
Definition I: An I-subnet is a subgraph of the network 

(whose topology is an open or closed path) with an associated 
identifier I .  
From the definition, we can see that each I-subnet is charac- 
terized by its path topology and by its (resource, label)-based 
identifier. A flow which uses a subgraph of the path in the I- 
subnet as its end-to-end route is identified by I (i.e., it uses I as 
its networking identifier). 

Definition 2: A set of subnets is called a covering set if any 
pair of nodes is connected by a path which is a subgraph of a 
subnet included in this set. 
Such a set is called a covering set since it covers at least one P i j ,  

for every i, j. A path, p , j ,  is said to be in the covering set if it 
is a subgraph of at least one subnet in the set. To provide for 
full network connectivity, we need to construct a covering set 
for each meshed ring network. 

Note that two subnets can use the same identifier if they have 
no common links in the same direction. Assigning identifiers 
this way preserves the strict non-interfering property. If we use 
wavelengths as identifiers, then the subnets are called wave- 
length graphs. By taking advantage of wavelength (identifier) 
reuse, the number of required wavelengths can be reduced, IOW- 
ering the cost of the underlying network implementation. An 
example is illustrated in Fig. 4. The three subnets, sn(O), sn(l) ,  
and sn(2) ,  can share the same identifier (wavelength), say X i .  
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The construction of the switching table of each switch is based 
on the embedded subnet topologies. 

E. Routing A lgorirhm 

Let p * .  denote the selected shortest path between R(i )  and 
R ( j ) ,  with the associated path length T ; ~ .  The selected shortest 
path, p l J ,  must be a subgraph of some subnet in the constructed 
covering set, i.e., it is shortest among all available path (pil)  in 
the covering set. 

Drjnition 3: A selected shortest path p t  is called minimal if 
j ~ ; ~  = min T ~ ,  , among all possible paths between switch node i 
and j .  A covering set (of subnets) is called minimal if for each 
pair of nodes, the corresponding shortest path selected from the 
set is minimal. 
The constructed minimal covering set depends on the specific 
network structure. Using such a subnet set, routing is always 
done along the selected shortest path, p;,, between each pair 
of switch nodes i and j. This results in  very simple routing 
decisions. If more than a single shortest path exists, an arbitrary 
one is selected. 

Internally to the network, traffic flows are directed along the 
corresponding subnets. Internal traffic flows have higher prior- 
ity than external traffic flows. By assigning sufficient capacity to 
each subnet. we ensure that an internal traffic flow which arrives 
at a switch node is guaranteed to have sufficient capacity avail- 
able to it so that it can be switched to its desired outgoing link 
without incurring queueing delays. Thus, internal traffic flows 
do not incur queueing or buffering delays. As a result, no packet 
loss takes place internally in the network. 

? 

111. PERFORMANCE MEASURE 

Let ATH denote the throughput of the network, then 

'.?.I 

Define network throughput efficiency, Q,, as 

- ATH - throughput 
Vn = overall capacity C k , d  C k , d  ' 

where C k , d  is the capacity over l z n k ( k , d )  (k is a link identi- 
fier. 1 5 k 5 2K,  and d denotes the direction any traffic flow 
will take using that link). d can take two values, with d = cw 
denoting clockwise direction while d = ccw indicating counter- 
clockwise direction. Thus, the denominator sums over all links 
i n  both directions. Note that each link is bi-directional. and that 
the capacity of a link is its capacity in each single direction. Let 

ii = average path length, 
X k , c w ,  A k , c c w  = traffic flows on link k, 

AI = total internal flow. 

If the capacity of each l ink is equal to the internal How on that 
link, i.e., Ck,,, = X k . d  for all k and d = cw. ccw. then 

1 X T H  - - - rln = 
C k , d A k . d  % '  

We normalize the throughput efficiency by that of a non- 
spatial reuse ring. Spatial reuse rings use a destination removal 
method for removing packets from the ring, while non-spatial 
reuse rings employ a source removal technique. The latter thus 
let each packet circulate around the ring; it is then removed by 
the source node. For a non-spatial reuse ring, the effective av- 
erage path length is equal to K .  Then, its network throughput 
efficiency is equal to 1/K. Let Q denote this normalized net- 
work throughput efficiency, then, 

= K . vn. 77, ' = q,(non-spatial reuse ring) 

This is used as the performance measure throughout the rest 
of the paper. When C k , d  = X k , d ,  Qn = 11% and q = K/%.  
Under this condition, note that 77 is inversely proportional to 
ti.. By meshing the ring, we reduce f, and consequently im- 
prove the network throughput efficiency. Hence, we require all 
selected shortest paths to be minimal. As a result, we require 
the constructed covering set to be minimal. All selected routes 
(between source and destination nodes) must be paths. For a 
spatial-reuse ring, qn approaches 4/K as K ipproaches infinity. 
(Note that for a spatial reuse ring consisting of 2 counter-rotating 
rings, the average path length is equal to i-th of the ring length. 
This implies a throughput utilization of 4.) Thus, the normal- 
ized throughput efficiency for (spatial reuse) rings approaches 4 
as K is increased and is independent of K .  From here on, a ring 
denotes a spatial-reuse ring, unless indicated otherwise. 

Consider a selected covering set, let A k , d  be the number of 
subnets which contain l i n k ( k , d ) .  As noted earlier. two sub- 
nets with a common link cannot use the same identifier; hence, 
i i k , d  is equal to the number of identifiers used on h n k ( k ? d ) .  
Let the link capacity of each subnet be Cs, the maximum traf- 
fic flow in all links of each subnet in each direction. Note that 
above we have set the link capacity to be equal to the link's 
flow; in contrast, we now synthesize the network so that all link 
capacity levels in all subnets are set equal to the same value 
( x k , d  C k , d  = C k , d  C S  ' A k , d ) .  Then 

X T H  - K ( K  - l)ff - A T H  - - 7 n  = 
C k , d  C k , d  c s  C k , d  1 l k . d  c s  C k , ( i  .14..,1. 

where ATH = K ( K  - 1)a is the throughput of the netuork, 
assuming a uniform traffic matrix so that uiJ = U. t o r  each 
i, j ,  i # j .  With . d k , c w  = . 4 k , c c w .  the normalized network 
throughput efficiency is given by 

K .  K ( K  - l ) ~  K .  K ( K  - l ) ~  
( 2 )  - - 

c s  C k , d  l l k , d  2c.9 dlk,<.!t 
7 7 =  

Lemma 1: Given an average path length ii, the iii;Iyiii)uin at- 
tainable throughput efficiency is equal to 7 = I</*  :\ riuinber 
of identifiers A = is sufficient to achieve th i s  cttiiiency 
level. (The proof is omitted.) 
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IV. O P T I X i A L  TOPOLOGY WITH A SUFFICIENT NUMBER O F  
1 DENT I FI ER S 

Define the optimal topology to be the topology that results 
in the minimum average path length given K and D. As noted 
before, we assume henceforth that D = 4. We consider sym- 
metric graph topologies for which the parameter M was defined 
in Sect. 11-A. Given M ,  let be the minimal (over all cover- 
ing set) average path length. Let %& = minM %$. For given K 
and given average path length, %, the maximum achievable effi- 
ciency (q )  is equal to K/%.  To further maximize this expression, 
we select Af to minimize %. Then, the maximum normalized 
throughput efficiency, qmal, is equal to K/ii:,I. Since this level 
(q,,,) depends only  on the topology, it is equal to the maxi- 
mum value of77 attainable for both cross-connect and store-and- 
forward network switching operations. By using 7 iden- 
tifiers, !' can be achieved in a cross-connect meshed ring 
network. Define the value of hl that minimizes %h as M,. 
Then, q,,,, is achievable by using M = Mrn. This value, hf,, 
is identified as the optimal hf since it  yields the optimal (maxi- 
mum) network efficiency level (17). 

K ( K - 1 )  

A. Selecting Shortest Paths 

The number of rotations made by a path is defined as follows. 
If a path uses m chords and n segments, both in ccw direction, 
to move from node i to j, then j = (i + 7nM + n)  mod K 
and the number of full rotations made by the path is defined as 
L(mM + 7 t ) / K J .  

For certain pairs of source and destination nodes, there are 
more than one shortest path available. We use the procedure de- 
scribed below to select one of these paths. First, we consider 
only paths involving 0 full rotations as candidates for selection 
as the shortest path. We demonstrate later that the performance 
improvement gained considering all possible paths is not signif- 
icant. 

There are four possibilities for selecting a shortest path (with 
0 full rotations) from switch node i to switch node j ,  as shown 
in Fig. 5.  Let ( j  - i) mod K = ah1 + b, 0 5 b < M .  Then the 
four possible choices are 

1. p l :  i + ( I ,  + M )  mod K + . . . + (i + uM) mod K + ( i  + 
aM + 1) mod K + . . .  + j  

2. ~ ~ : i ~ ( i + i M ) m o d K - + ~ ~ - - + ( i + ( a + 1 ) M ) m o d K ~  
(i + ( a  + l )M - 1) mod K + . . . + j 

3. p3:  i + ( i  - M )  mod K + . . +  -+ (i + (U + 1)M) mod K + 
( i  + ( a +  l ) M  - 1) mod K -+ . . .  + j  
4. pq:  i + ( i  - M )  mod K + . -+ (i + a h f )  mod K 4 (i + 

a M + l ) m o d K + . . . + j  
From the above four possibilities, we select the path which con- 
tains the least number of links. This path is denoted as P ; ~ ( O ) ,  
where 0 indicates that the path involves 0 full rotations. This 
following results is obtained (the proof is omitted here). 

Lemma 2: The procedure described above results with a 
shortest i - j path, relative to all paths which make 0 full ro- 
tations. 

We consider next also paths with one or more full rotations 
from node i to j. For paths involving k, full rotations, k, 2 0, 
we let [ ( j  - i )  mod K + k,K] = aM + b, 0 5 b < M .  For 
each k,,  define 4 possibilities for selecting a path following the 

procedure used in the beginning of this section. This path is de- 
noted as ~ ; ~ ( k , ) .  One of these 4 possibilities yields a shortest 
path with I;, full rotations. The path length is T;J (I;,.). This is 
similar to defined in Sect. 11-E. but we only consider paths 
with k ,  full rotations. In addition, let pt,*(k,)  be the path with 
shortest path length among &(n), for 0 5 n 5 k,. The as- 
sociated path length 7r:;(k,.), is equal to min, 7rr, ( n ) ,  for all 
71. from 0 to k,. Then as k, + 00, p:,*(k,) becomes p;,, and 
T * .  = limk7+m n,rj(k,) (p:i and T : ~  are defined in Sect. 11-E). 
Note that T:;(O) = 7rz j (O) .  

B. Selecting an Optimal Topology 

Given M ,  let %>(k,) denote the minimal average path length 
for paths involving up to I C ,  full rotations. Let %,z(k,.) = 
minM%>(k,) and denote the M that results in %:,(k,) as 
Mm(k,.). Similarly, 7lmaz ( k , )  is the maximum normalized 
throughput efficiency obtained when only paths with up to k, 
full rotations are used. Then ii> = limkF+m % h ( k , ) ;  simi- 
larly, %& and M ,  are equal to the corresponding limits. 

We note that the value of 7r:i (0) depends on M .  The related 

average path length is then given by ii* (0) = ' ~ f [ ~ ~ ~ ' ,  where 
K ( K  - 1) is equal to total number of pairs of switch nodes, 
counting both directions. Due to the symmetry of the network, 
we only consider paths starting at node 0. For M values which 
divides K ,  we approximate the following sum as 

1J 

where the first part approximates the number of segments and 
the second part approximates the number of chords. The re- 
sulted M value that minimizes the last expression is equal to a. Since % * ( O )  = E,"=;' 7rgj(0)/(K - l ) ,  minimizing the 
above noted sum also yields the minimal value for ?i*(O). This 
result thus yields an approximation to M,(O), M,(O) = n. 
Although the above approximation to the sum is derived for the 
cases that M divides K ,  the approximation Mm(0)  z f i  also 
holds for other cases, as noted below. Two other important struc- 
tural parameters are the average path length and the diameter of 
each network. With M = a, as K increases, the average 
path length is approximately equal to a / 2 ,  and the diameter 
is approximately equal to a. 

By exhaustively calculating the sum of all shortest path 
lengths (involving 0 full rotations) for all values of M ,  and se- 
lecting the value of M that results in the smallest sum (and thus 
minimizes the average path length), an actual value for M,(O)  
is obtained and is plotted in Fig. 6. As we can see from the 
plot, the values assumed by Mm(0)  increase as the order of the 
square root of K ,  with some variations due to the approximation 
used above. These M,(O) values yield a topology which attains 
%L(O) and q,,,(O). Yet, M,(O) is not necessarily unique. 

By exhaustively selecting shortest paths which make up to kr 
full rotations (with a path length denoted as 7r** (k,)) for each 
hf, we find the value of M ,  M = Mm(k,)  which results in the 
shortest average path length among such paths. We have also 

13 
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calculated the shortest average path length ?i$(lC,.). By exhaus- 
tive calculation for 5 5 K 5 300 (up to a sufficiently large 
value of kT), we have shown that TrL (the true minimum) is less 
than the value for iik(0) calculated earlier by a maximum of 
3.2% and by an average of 0.39%. Such a reduction in the av- 
erage path length, and thus an improvement in the maximum 
throughput efficiency, is quite insignificant. Hence, from here 
on, we select optimal values for the average path length and for 
the throughput efficiency by considering only paths which make 
0 full rotations. We redefine 

Mm = h.Im(O), pt3 = p t3 (O) ,  ffk = ffL(O), qmaz = V m a z ( 0 ) .  

A special case of this type of meshed rings is analyzed in [9], 
[lo], where M = 2k,  + 1, K = 2k,” + 2k, + 1, for ka = 
1,2,. . .. The optimal M values derived in [9], [ 101 are identical 
to those obtained here. Another result presented in [9], [lo] 
indicates that the network diameter and the average path length 
(identified there as the mean internode distance) are of O(*), 
which agrees with the results presented above. The actual values 
of both the average path length and the diameter for each K are 
also plotted in Fig. 6; as shown above, they are both of O ( a ) .  

C. Comparison with ShufPe Network Topology 

Another popular network structure is the shuffle network [ 141. 
In Table I, we compare the network diameter and the average 
path length of shuffle networks of degree 4 with those of our 
meshed ring networks. The number of nodes in a degree 4 shuf- 

TABLE I 
COMPARISON BETWEEN SHUFFLE A N D  M E S H E D - R I N G  NETWORKS 

K diameter avg path len diameter avg path len 
(shuffle) (shuffle) (meshed) (meshed) 

8 3 2 2 1.25 
24 5 3.2 4 2.33 
64 7 4.63 6 3.75 

160 9 6.07 10 6 
384 I 1  7.53 15 9.29 
896 13 9.02 22 14.12 

fle network is restricted to certain values while that of a (degree 
4) meshed ring is unrestricted. Therefore, we have more flexibil- 
ity in synthesizing a meshed ring topology than in constructing 
a shuffle network topology. We note that the diameter and av- 
erage path length of a shuffle network are higher than those of 
a meshed ring network until the number of nodes reaches 384. 
Meshed ring topologies are thus advantageous for typical local 
area network implementations which connect less than 400 sta- 
tions. 

v. PERFORMANCE ANALYSIS FOR NETWORKS REQUIRING 
A REDUCED NUMBER OF IDENTIFIERS 

As shown in Lemma 1 ,  a necessary condition to achieve 
the maximum throughput efficiency (for a given average path 
length) is to set the capacity of each link ( C k . d )  be equal to the 
link’s flow intensity ( & , d ) .  The path length of the selected path 
between node i and j (corresponding to the given average path 
length) is denoted as ri j .  We now set the capacity (C,) to an 

integral multiple of a (i.e., Cs = no, n 2 2 )  and show that this 
generally reduces the throughput efficiency. For C k , d  = X k , d  

(thus resulting in maximum throughput efficiency), since 

C k , d  = C s i i k , d  = n a i i k , d ,  
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we have 
raj = n l i k , d .  (3) 

1-3 k . d  

We want to associate each shortest path with a subnet so that the 
end-to-end flow of that s-d pair is directed to use that selected 
subnet. Since there can be at most n end-to-end flows using 
one link in each subnet (noting that the subnet capacity level is 
equal to no), each subnet link can accommodate at most n short- 
est path links. With this condition and with (3) (where r,, is 
the total number of links in all shortest paths, and A k , d  is 
the total number of links in all subnets), each subnet link must 
be in exactly n shortest paths to achieve maximum throughput 
efficiency. This is generally unattainable. Hence, by setting 
C, = nu, for n 2 2, the operation incurs a reduced throughput 
efficiency. The above discussion is also true if the average path 
length is minimal (wtJ = rt3). (Note that a link which belongs 
to k subnets will have a capacity level equal to kno.) 

The maximum throughput efficiency (vmaz) and bounds on 
the number of identifiers required to achieve that efficiency (by 
using C, = a ) ,  denoted as A,, are given in [ 1 11. 

A. Reduced Eficiency by Using Less Identifiers under the Opti- 

If we increase the capacity of each link in each subnet, C,, 
to n u ,  n 2 2 ,  we can obtain an upper bound on the number of 
identifiers required by using the following procedure. Define 

mal Structure 

S, = Number of segments in p:3, 
C, = Number of chords in p:J. 

Consider all shortest paths which start from node 0 and are of 
type p l ,  p2 ,  p3,  or p4. We start with an arbitrary selected path. 
We group up every n paths (of the same type) which have the 
property that the sum of the difference in S ’.. and the difference 
in Cl’s is minimum. Construct a covering set of subnets from 
these groups by treating each group as a single path using the 
construction method outlined in [ 1 11. Using this construction, 
we obtain an upper bound on the number of required identifiers 
(denoted as An,,). Since all chosen shortest paths used to con- 
struct the subnets are minimal, the constructed covering set is 
minimal. Summing up the total number of links in all subnets 
and multiplying this by 2 x C,, we derive the denominator for 
77. The efficiency (denoted as v,,), for each given values of K ,  
is then calculated by using (2). Here, M is set equal to Mm.  

We divide the upper bound on the number of identifiers used 
In the network (using C, = nu, with n = 2,3 ,4)  by the upper 
bound on the number of identifiers required to achieve the max- 
imum throughput efficiency (A,) and plot the result in Fig. 7. 
For the case in which the capacity of each link is increased to 
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twice its original value (i.e.. to 20) ,  we conclude the number of 
required identifiers to be around 0.5 to 0.6 of its previous value. 
As n increases, the number of identifiers decreases at a slower 
rate. 

The throughput efficiency r ]  for each case, normalized by 
rlrlng, is shown in Fig. 8. As K approaches 300, we conclude 
the results shown in Table 11. As K increases, a higher effi- 

TABLE 11 
RESI.LTS OF INCREASING SUBNET CAPACITY ( K  = 300) .  

C, number of identifiers 71 

(% of upper bound of A,) % of qma2 
(T 100% 100% 

2 0  56% 93% 
3fJ 42% 85% 
4fJ 33% 80% 

ciency level is attained with a number of identifiers selected at a 
lower fraction of A,. At K = 300, with a number of identifiers 
set to 0.33A1,, i.e., 33% of the number used to achieve maxi- 
mum r ] ,  we can still achieve an efficiency value equal to 80% 
of the maximum value. The resulting efficiency is then equal to 

For low values of K ,  with C, = 3a or 40, r ]  is near or less 
than that of a ring (Fig. 8). This behavior is caused by link flow 
rates which are much lower than the corresponding assigned link 
capacity values of 30 or 4a. Using such large C, values, most 
link capacities remain unused. In practice, such high link ca- 
pacity levels will not be selected for a network which contains a 
small number of switches. 

7.3 x Vr ing .  

B. Performance with Minimum Number of Identifiers Using a 
Direrent Topology 

In Section V-A, we only considered M = M,. When a suf- 
ficient number of identifiers is available, one can synthesize a 
network (with M = M,) whose efficiency (7) is close to its 
maximum value (qma5). Our selected network, as shown in 
Sect. V-A, will then require a minimum number of identifiers 
equal to An, (using C, = no). However, for many implementa- 
tions, the number of available identifiers may be limited. In such 
a case, we examine here the utility of using different network 
topological layouts. Thus we select topologies with parameter 
M # M,, and investigate their highest attainable throughput 
efficiencies, and their required number of wavelengths. 

For each value of K ,  we select a fixed value of iM, and find 
an upper bound on the minimum number of identifiers required 
to construct a minimal covering set. This is done by grouping 
together all paths of the same type (type p l ,  p z ,  p3,  or p4,  as 
described in Sect. IV-A) and assigning identifiers to each group 
by using the construction method outlined in [ 1 I ] .  We set the 
link capacity (per subnet, C,) equal to the maximum link flow 
level in the groups formed above, considering all links in all 
groups. We compute the throughput efficiency r ]  for this con- 
figuration. We subsequently find the value of M = Mmarniin 

which yields the maximum efficiency. We denote the maximum 
throughput efficiency (with such a bound on the minimum num- 
ber of identifiers) calculated here as ~ m a z m z 7 1 r  and the (bound 

on the) number of required identifiers as This optimal 
value of AI ( M  = L W ~ ~ ~ , ~ ~ ~ )  is generally different than AI,. 
In some cases, hfmazmin may yield a topology which requires 
the least number of identifiers. However, this is not generally 
the case. In Fig. 9 (where ID=identifier), we show, for various 
network sizes (with different numbers of nodes K ) ,  the network 
throughput efficiency vs. the number of identifiers required to 
achieve that efficiency level as we vary the value of iVf (i.e., 
the network topological layout). The number of identifiers used 
here is the upper bound on the minimum number required to 
construct a minimal covering set for given values of K and M .  
(Note that for each value of K ,  the highest throughput efficiency 
(the highest point in Fig. 9) is chosen as qma,,in.) As we see 
from Fig. 9, in  some cases, a significant reduction i n  the number 
of identifiers results in only a small decrease in the throughput 
efficiency (e.g.. for K = 19, 3 1, 134, 22 I ) ,  while in some other 
cases, the opposite is true (e.g.. for K =48, 159). For the former 
cases, we may want to use the topological layouts that require 
a smaller number of identifiers (than Amasmrn), while for the 
latter cases we may have to synthesize the network by using a 
topology which requires Amazmin identifiers. 

Using topologies for which M = Mmazmtn, we show in 
Figs. 10 and 11 that for K 5 300, with 20 to 60 available 
identifiers, the network throughput efficiency obtained is equal 
to r]  x 0.5~/,~,. In contrast, if we select a topology with 
M = M,, the minimal number of required identifiers is shown 
to be larger than the latter value (20 - 60); yet the attained effi- 
ciency will reach only about 30% ofr],,,,. Thus, the topological 
structures derived in this section are superior to those obtained 
by setting M = M,,,, when the number of given identifiers is not 
sufficiently high. We observe that for certain values of K ,  the 
number of required identifiers is much lower than that required 
for other values of K .  To use the identifiers more efficiently, 
we may want to choose the K level that requires a smaller num- 
ber of identifiers. With about 25 identifiers, at K equal to 300, 
qmazmin is higher than 50% of vmar and is equal to about 4.5 
times of r],ing (Fig. 8). In turn, for K x 300, up to 780 identi- 
fiers are required to achieve q m a z .  

C. Performance Comparison 

As noted in Sect. V-A and V-B, as the link capacity of each 
subnet (C,) increases, a lower efficiency level is attained while 
a smaller number of identifiers is required. Assume that we 
first keep the same topology as the optimal topology derived 
in Sect. IV (using M = M,, as in Sect. V-A). We then change 
the topology by setting M = Mmazmin in Sect. V-B which re- 
sults in further reduction in the number of identifiers (as C, is 
increased). In Fig. 12, we observe the reduction in throughput 
efficiency as the number of identifiers decreases, for several val- 
ues of K .  The five operational points (positioned from right to 
left) represent, for each value of K ,  the cases of 7 = qzo, 
r]s0, r/4a, and qmazmin respectively. The special case of K = 26 
involves only 3 points, corresponding to r ]  = r ]mn. r r  q 2 , ,  and 
71,a2m1n (from right to left). See the end of Sect. V-A for an 
explanation of the latter case. For each value of K ,  the leftmost 
point is for the topology with M = MmaZmln, while all other 
points correspond to the topological configuration which em- 
ploys M = M,. Fig. 12 well demonstrates the system design 
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trade-offs involving the dependence of the network’s throughput 
efficiency on the employed number of identifiers. 

VI. CONCLUSIONS 

In this paper, a cross-connect meshed ring communications 
network which employs WDM (as an all-optical network) or 
ATM VP identifiers (as an ATM compatible network) is stud- 
ied. This network uses multiple subnets to simplify the routing. 
We study meshed ring network topologies. To reduce the switch 
complexity. each switch node is set to be connected to four other 
switches. Identifiers (e.g.. wavelengths for WDM optical net- 
works or ATM VP identifiers for ATM compatible networks) 
are used to differentiate subnets. We cierive the optimal topo- 
logical structure of the meshed ring network. The latter network 
achieves a maximum throughput level when a sufficient number 
of identifiers is available. One notes that the achieved packet- 
switching throughput level is equal to the maximum throughput 
that can be attained by a more complex store-and-forward net- 
work. While the optimal structure (the optimal value of hl) is 
approximated analytically and verified by exhaustive search, the 
lower and upper bounds on the number of identifiers required is 
found by analytical and construction methods, respectively. 
For each source node, messages are routed towards their des- 

tination across a shortest path contained in a selected subnet. 
We show this network to provide a throughput capacity which is 
substantially higher than that attained by a spatial reuse ring net- 
work. As the number of switch nodes in the network increases, 
the throughput capacity increases too. We show that if only 33% 
of the required number of identifiers is used, a throughput effi- 
ciency of 80% of the maximum, or 7.2 times of that of ring 
networks can be achieved. For convenience of implementation, 
the case where a constant link capacity level is used for each 
link is also analyzed. This results in a worst case degradation in 
throughput efficiency of 9%. To employ an even lower number 
of wavelengths (or identifiers), we show that when the number 
of nodes is equal to 300, one can synthesize a network structure 
which uses just 25 identifiers (rather than about 720 identifiers 
used to achieve the maximum throughput efficiency). This net- 
work achieves a throughput efficiency level equal to about 4.5 
times of that of ring networks. 

Y 
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Fig. 5 .  Four possibilities of a shortest path 
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Fig. 7. Upper bound on AnnIAo 

Fig. 9. q vs. #ID'S as M varies 
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Fig. 10. Upper bound of Amazmin 

I 

0 . Y  

0 . X  I 

cg 0.7 . c 
I 

0.6 

0.5 

"I! IO 

I & l  200 3&l 460 S& 7&l T1M1 

Number of Identifiers 

Fig. 12. q vs. #IDS as Cs varies 
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