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Abstract 

In this paper, we present the design of a dynamically 
reconfigurable switch that will be used to build a high- 
speed multi-link ring local area network. Using FPGAs 
technology, switch reconfigurability can be exploited to 
implement different interconnection topologies and sup- 
port different application requirements. We present two 
approaches to analyze the multi-link ring network per- 
formance. In the first approach, we develop an analyt- 
ical model that uses the M/M/n and M/D/n queuing 
systems to study the virtual channels access delay. In 
this approach, the virtual channel occupancy probabili- 
ties are found using an infinite state Markove model. In 
the second approach, we introduce an analytical model 
based on a finite state Markov model developed for ana- 
lyzing networks with virtual channels flow control. Simu- 
lation, using the OPNET tool, indicates that the second 
approach is more accurate in analyzing the behavior of 
the packet transfer time. Furthermore our performance 
analysis shows that the use of wormhole routing and vir- 
tual channel flow control improves the system through- 
put and decreases the packet transfer time. 

1 Introduction 

Over the last decade, there have been significant ad- 
vancements in computer communications and processing 
systems that have increased the processing and trans- 
mission rates. The use of fiber optics technology offers 
data transmission rates that are several order of magni- 
tudes higher than the current rates. The developments 

of programmable hardware have open the door to the 
implementation of reconfigurable devices that are more 
efficient and have grater flexibility than the ones with 
fixed topologies. In this paper, we present the design of 
an FPGA-based reconfigurable switch and show how it 
can be used to build a multi-link ring network that can 

embed several important topologies (e.g. Hypercube and 
Mesh). 

Parallel algorithms run more efficiently on parallel 

computers when their communication requirements map 
naturally to the communication structure of the inter- 
connection network. There is no general interconnec- 
tion topology suitable for all applications in a paral- 
lel/distributed computing system. Attaining more ver- 
satility in such an environment suggests the incorpora- 
tion of different topologies requested by various applica- 
tions. The design of reconfigurable switches will provide 
the means to connect the resources of an interconnec- 
tion network using the best topology for solving a given 
problem. 

Embedding different topologies and reconfigurabil- 
ity of interconnection networks have been addressed by 
many researchers recently [l, 2, 3, 4, 51. The Hnet 
(High-performance Network Evaluation Testbed) system 
is constructed to support any topology of degree six or 
less. The Hnet system can be viewed as a tool to bet- 
ter understand the complex interactions between parallel 
applications and the underlying interconnection network 
of parallel systems [I]. In this system, a processor capa- 
ble of executing parallel programs is connected to each 
of the 64 user configurable switches. However, due to 
the the complexity of the switch nodes, the cost of such 
a design is too expensive to be adopted for many LAN 
implementations. Other approaches were presented in 
[3, 41. The limitations of these approaches are the com- 
plexity in the physical interconnection and the compli- 
cation involved in routing. 

Reconfigurable networks are becoming attractive due 
to the recent advances in programmable hardware 
(e.g. Field Programmable Gate Arrays and Field Pro- 
grammable Interconnect Components) and high-speed 
communication links. In this paper, we propose a de- 
sign of a reconfigurable switch for high-speed networks. 
Our approach to design the switch is aimed at achiev- 
ing simplicity and parallel processing of messages. The 
simple design reduces the overhead of routing messages 

as well as its processing time. To support parallel rout- 
ing of messages, a distributed control strategy is used. If 
the node is the source of a message, the switch controller 
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determines the routing scheme and the number of hops 
the message needs to reach its destination. Whenever 
an incoming message passes through the switch, a desti- 
nation check, to determine whether or not its hop count 
equals zero, is performed without interrupting other pro- 
cessing activities. If the hop count is found to be zero, 
the message is transferred to the node. Otherwise, the 
message is passed to the next node after its hop count is 
decremented by one. 

Im ring networks the time it takes a data unit to reach 
its destination (latency) is not only a function of the 
propagation delay on the links, but also of the store and 
forward delay at the intermediate nodes [6]. Our design 
uses wormhole routing [5] and virtual channel jl~w con- 
trol [7] to reduce the message latency and increase the 
communication bandwidth. Besides avoiding buffering 
the message at intermediate nodes, wormhole routing 
and its flow control reduce the message latency caused 
by long distances in the network [8]. Virtual channels 
improve the efficiency of the resource allocation scheme 
and can be exploited to improve network scalability [7]. 
We also use multiple links (channels) between adjacent 
nodes to allow for concurrent packet transmission and to 
overcome the problem of having the network throughput 
severely restricted by the link data rate [9]. 

The organization of this paper is as follows: In Sec- 
tion 2 we describe the design of the proposed reconfig- 
urable switch and its mode of operation. In Section 3, 
we discuss how to use the switch to build a multi-link 
ring network. Performance analysis of the multi-link ring 
network will be presented in Section 4. Finally, the con- 
clusion and future work are presented in Section 5. 

2 Reconfigurable Switch Block Diagram 
In any computer interconnection network, the switch 

is a critical element in reducing the packet latency. A low 
latency and high bandwidth can be attained by building 
a dedicated hardware switch that has the ability to route 
packets without the involvement of the node’s general- 
purpose processor [lo]. 

As depicted in Figure 1, the main components of the 
switch include a Switch Controller (SC), a Transfer unit, 
a Receive unit, a memory unit (RAM), a Processing 
Elernent (PE), and a Router (see [ll] for the detailed 
description of the switch components). We use two in- 
dependent unidirectional links with data flowing in op- 
posite directions for each bidirectional link connecting 
adjacent nodes. Having two independent unidirectional 
links to support bidirectional communication allows data 
to flow in opposite directions simultaneously and breaks 
any cyclic dependency that might occur in message rout- 
ing. Therefore, deadlock caused by such dependency is 
prevented. Also, this approach is more reliable since a 
link failure affects only one direction. The main func- 
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*SB: SwitchingBlock 
‘PE:  FIccetingElement. 
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Figure 1: Switch Block Diagram 

tions performed by the Router unit can be outlined as 
follows: 

l Transfer messages from the network to the node and 
vice versa. 

l Pass messages destined to other nodes without in- 
terrupting other switch components. 

l Resolve any conflict between incoming messages in 
their route to their destinations. 

l Guarantee a fault free flit level flow control between 
adjacent nodes. 

The switch reconfiguration can be attained by recon- 
figuring the router unit to the new switching require- 
ments (see [ll] for more details). This process takes a 
short time (order of microseconds using Xilinx FPGAs 
[12]); it is the time required to load the new configuration 
program. 

3 Multi-link Ring Network 

In this section we discuss how the proposed switch is 
used to build a multi-link ring network (see Figure 2). In 
this environment, when a topology request is received at 
the application layer, it is passed to the virtual topology 
layer where the request is processed. It is granted if 
the topology is supported by the network. In this case, 
the check for circuit/packet switching communication is 
performed and the message transfer starts accordingly. 

The multi-link ring network consists of N  nodes 
(where N is a multiple of four), and multiple logical bidi- 
rectional links connecting adjacent nodes . The nodes 
are grouped into 1 = N/4 building blocks of four nodes 
each such that th.e number of hops between neighbor 
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Figure 2: General View of the Multi-link Ring Network 

nodes that belong to the same block is 1 [II]. Each node 
has a SE that supports communication between all pro- 
cessing elements (PEs) attached to it. The SBs are con- 
structed from a group of Switching Units (SUs) that 
perform parallel message routing. Each SU (detailed de- 
scription of the SU architecture is given in [ll]) routes a 
flit from an input link i to an output link i; the links con- 
struct multiple unidirectional rings. Every link passes its 
data to a node through the SE which in its turn decides 
if that data is to be received or passed to a subsequent 
node. 

We use virtual-channel based flow control to effec- 
tively utilize the physical links bandwidth and its mem- 
ory resources [7], and prevent deadlock. Implementing 
each channel in a wormhole-routed network with a sep- 
arate set of physical wires is expensive in terms of t,he 
number of links needed to construct such network. Fur- 
thermore the channel utilization is not high in most ap- 
plications. One way to address this problem is to multi- 
plex several virtual channels on a single physical link [5]. 
The overhead incurred is a small amount of additional 
control logic. 

For packet switching communication, the implemen- 
tation of wormhole routing [13] is adopted to reduce 
the communication latency of this model. In such rout- 
ing strategy, messages are split into fixed small size flits 
(this format is similar to the ATM fixed size packets or 
“cells”). Each flit has a control information that contains 
its type (header, tail, or intermediate), its hop count, 
and the virtual channel on which it is sent. The header 
flit sets the path to the destination node by reserving 
a free virtual channel in every stage in its route to the 
destination. If in any stage that flit is blocked because 
all channels are occupied, all subsequent flits are also 
blocked at the nodes where they reside and prevented 

from advancing. The hop count is initialized with the 
number of hops needed to reach the destination node and 
decremented by one whenever the flit passes through an 
intermediate node. 

4 Performance Analysis 

In this section, we develop analytical performance 
models for the proposed multi-link ring design with 
wormhole routing and virtual channel flow control. We 
present two approaches to analyze the system perfor- 
mance. In the first, we use the M/M/n and M/D/n 
queuing systems to study the virtual channels access 
delay; the virtual channel occupancy probabilities are 
found using an infinite state Markove model. The second 
approach is based on a previous work developed for an- 
alyzing networks with virtual channels flow control and 
where finite state Markove model is used to analyze such 
occupancy probabilities. We analyze the packet trans- 
fer time (latency) and the node throughput for different 
number of virtual channels, network sizes, packet sizes, 
and routing schemes. The following is a brief description 
of the notations used in our analysis : 

X, (X,): Node (Channel) packet arrival rate. 

1: Number of building blocks. 

TI=: Number of virtual channels per fink. 

p:: Probability of delay in the virtual channel request queue 
at stage i. 

bf : Probability that all j occupied virtual channels are 
blocked at stage i. 

pl: Probability that j virtual channels are occupied at stage 
i. 

p: Probability of passing a message to next node in the ring 
(P = 1 - 4) . 

pkti (fltl): Packet (Flit) length in bits. 

CL: Physical link capacity (bits/set). 

H  avg: Average number of hops. 

tsch: Virtual channel scheduling time. 

thpc: Packet processing time. 

t;: Service time at stage i. 

t;: Effective service time at stage i when j virtual channels 
are occupied. 

Wi: Average waiting time spent acquiring virtual channels 
between stage i and the destination. 

T: Packet transfer time. 
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In wormhole routing, the packet transfer time, 7’ is de- 
termined as the time spent by the header flit to reach the 
destination node plus the time required to transfer the 
rest of the packet. To simplify the analysis, we assume 
that the packet traverses an average number of nodes 
(stages), Havg, to reach its destination’. We model the 
node using the queuing model shown in Figure 3 and use 
the ffollowing assumptions: 

1. Packet destinations are uniformly distributed. 

2. Packets are generated by a Poisson process with rate 
X,. Therefore, packets arrival rate in each direction 
is x,/2. 

3. All packets are of length pktr. 

4. Physical channel blocking probabilities are indepen- 
dent. 

5. A packet that arrives at its destination is consumed 
without waiting, i.e. ti = i = (p&l/w), where w is 
the channel capacity. 

Figure 4: Message Queuing Model 

loss of generality, we focus our analysis on calculating 
the average delay of packets sent through one direction 
of one ring, Ic. The same approach can be used to find the 
delay of packets sent through other rings. The routing 
strategy we use is to send messages from any node in the 
network to a node in ring j through link j only. Hence, 
the arrival rate at link k: in stage i, &, can be found 
using the following formula: 

i other 
physical 

ii = & ((31- 1) - 2(i - 1)) 0 < i F Havg (2) 

The first term , &(31 - l), represents the arrival rate 
from all nodes that use link k in routing messages to their 
correspondent destinations in ring Ic (-& is the packet 
rate sent by a node to each of the remaining N-l nodes). 
The second term, &I 2(i- l), is the share of the nodes 
in subsequent stages in that rate; it is subtracted because 
such nodes do not compete for virtual channels sharing 
link Ic at stage i. 

The main obstacle in analyzing the performance of 
the proposed design is the analysis of the virtual channel 
access delay at each node in the packet (flits) path. We 
started by modeling the average delay a packet incurs 
until it reaches its destination by the multiple queues in 
Tandem as shown in Figure 4. Stage Havg represents the 
source node, while stage 0 denotes the destination node. 
Every hop takes the packet from stag i to stage i - 1. 
To study the impact of the service time distribution on 
the packet latency, we used M/M/n and M/D/n queuing 
systems to analyze the virtual channels queuing delay in 
each of the subsequent stages. 

Figure 3: Node Model 

As shown in Figure 3, the arrival rate at the input 
of any link, X, is the summation of the transient traffic 
rate sent to other nodes through that link, PA,, plus the 
trafhc rate generated by that node and routed through 
the same link, x,/al. Hence, X is given by the following 
equation: 

A=$.,x, (1) 

We fix the routing strategy and assume that there are 
1 links between adjacent nodes. The links, as well as the 
four-node rings, are numbered from 0 to 1 - 1. Without 

lHUJg is rounded to the nearest integer. 
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4.1 Infinite State Markove Model 

4.1.1 M/M/n Queuing model 

If we assume circuit switching network and M/M/n 
model with infinite queue and n = vu, (in this section, v, 
represents the average number of virtual channels shar- 
ing the same physical link), the probability that a header 
flit will be delayed, at any stage i, until it get,s access to 
a virtual channel can be computed as [14]: 

(p&pPb 
pi = (1 - pi)TJc! (3) 

Where pi is the probability that there were no header 
flits in the queuing system at stage i and it is given by 

( -l Pb= uc-1 (p,v,)j + 1 (W&)“C )y-...- -~ 
j! 1 -p; zi,! 

i 
(4) 

j=o 

where pi = A, and pi = l/t: is the service rate seen 
by the packe?:; stage i. The service time of a header flit 
at stage i is the summation of the time it takes to service 
that flit through the queue in the subsequent stage, i - 1 
(this includes waiting plus service time), the hop count 
processing time, virtual channel scheduling time (under 
the assumption that we have a processor of 25 MIPS per 
second and that the hop count processing and the virtual 
channels scheduling takes 5 instructions each, thcp and 
t seh are approximated to 200 ns), and the flit transfer 
time through that channel (tfrt = fZtl/w). Hence, we 
can write 

ti, =tb-‘+E(W)i-l+th,+t,,h+tflt 0 < i 5 Havg 
(5) 

The first two terms represent the delay a header flit in- 
curs in the subsequent stage to reach the destination 
node, while the sum of the other terms represents the 
delay it takes to reach that stage. If all virtual chan- 
nels are being occupied at stage i, the header flit waits 
(blocked) in the queue until one of the packets reserv- 
ing the virtual channels passes that stage and releases 
its channel. Then, the blocked flit reserves that channel 
for ti, unit times2. E(W); is the average waiting time 
the header flit spends at stage i to access a free virtual 
channel and is given by 

0 -c i 5 Havg 
i=o 

(6) 

Every packet travels from a source node at stage Havg 
to its destination at stage 0. If we assume that the vir- 
tual channels buffers are of size one (flit), the service 

‘At stage 1, the header flit waiting time, E(W)I, is found as- 
suming a queue with service time t:. However, the flit service time 
which will be substituted in Eq. ( 5) is just tflt. 

time seen by the header flits at the source node virtual 
channels queue, tl, is 

It is the delay the header flit takes to reach the destina- 
tion plus the time required to receive the rest of the flits. 
Finally, we consider the time delay at the source node 
segmentation queues. If we assume that there are only 
two queues; each stores flits belong to packets sent in 
the same direction (left or right), then the packet trans- 
fer time, T, can be found by: 

T=& 1-f 
( > (8) 

This is the queuing delay of a M/D/l queuing system [14] 
with average service time t< and utilization p = h$. 

4.1.2 M/D/n Queuing model 

Here, we assume M/D/n instead of the M/M/n queueing 
model for each of the virtual channel queues of the sub- 
sequent stages. The analysis of a M/D/n type queuing 
system characterized by random arrivals, fixed service 
time, and n servers is quite complex. However, such 
analysis can be simplified if we use the same assump- 
tions presented in [15] to find the packet delay in such a 
queuing system. Considering that the time in service at 
stage i, t8, is the sum of the waiting and service times, 
we can write 

where. 

t”, = t;-’ + thcp + tseh + tflt (9) 

t; = ti,-‘(I$ Pdo 
%(l -Pi) 

) (10) 
and Pdo is the probability that the delay at stage i > 0. 
The first term of Eq. ( 9) re resents the queuing delay at p 
the subsequent stage while the other terms represent the 
processing, scheduling, and transmission delay the flit 
incurs to reach that stage, respectively. It is interesting 
to note that the values of Pdo for the M/M/n system 
(Pdo) is only about 6% higher than those of the M/D/n 
system [15]. Hence, 

Pdo = (1 - O.G)P& (11) 

where 

P& = P& 
ve(l - Pi(l -Pi,> (12) 

Similar to Eq. 7, the service time seen by the header 
flit at the source node virtual channels queue, 6, is 

t, = tpg + (PA - l)tflt 
fb 
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The rest of the analysis is exactly similar to that of the 
M/M/n system described in the previous section. We 
just substitute the service time seen by the source node, 
predicted by Eq. ( 13), in Eq. ( 8). Notice that the 
main difference between the M/M/n and M/D/n systems 
is the service time obtained by Eq. ( 5) and Eq. ( 9), 
respectively. 

The multi-stage queuing system shown in Figure 4 
represents an open queuing model with Havg queues in 
tandem [16]. As will be explained in Section 4.3, the 
discrepancy between the packet latency obtained by sim- 
ulation and any of the above models is large, especially 
for high loads. This is because the assumption of having 
Poison arrivals at each of the subsequent queues in that 
system is not accurate. Thus, we use a second approach, 
finite state Markove model, to analyze the virtual chan- 
nel occupancy probabilities. Our experimental results 
show that the second approach is more accurate in ana- 
lyzing the system behavior than the previous one. 

4.2 Finite State Markove Model 

Our analysis in this section is based on that developed 
for the k - ary n - fly networks with virtual channels 
flow control [7]. H  owever, we assume a different inter- 
connection topology and variable packet arrival rates at 
every stage. Also, our analysis takes into consideration 
the flit scheduling and processing delays. 

As stated in our assumptions, the delay at tbe des- 
tination node is just tc; it is always ready to accept a 
packet. The delay in the internal nodes is increased be- 
cause a header flit may be blocked if no virtual channel 
at a subsequent stage is available. The average waiting 
time such a flit takes to acquire a virtual channel at stage 
i, td, is given by: 

(14) 

It is the product of the average service time seen by 
the header flit at stage i when all virtual channels are 
occupied (in this model, v, is the exact number of virtual 
channels per link) and the probability that this condition 
has occurred. Therefore, the total time a header flit 
spends waiting to acquire virtual channels between stage 
i and the destination node is 

wi = pi (15) 
jr0 

The approximate probability of having an individual 
header flit blocked at stage i, given that there are j oc- 
cupied virtual channels is 

wi-lljto (16) 

Figure 5: Markove model used to calculate the virtual 
channels occupancy probabilities 

This is the ratio of the time an individual channel is 
blocked in the subsequent stages to the time required 
to service that channel with no idling (when there are j 
occupied virtual channels), $0 3. Under the assumption 
that the blocking probabilities of the j virtual channels 
are independent, the probability that all occupied virtual 
channels are blocked at stage i when there are j of them 
is 

(17) 
The next step is to find the effective service time seen 

by the header flit at stage i when there are j virtual 
channels occupied, tj. It is the time required to service 
the packet at stage i without idling plus the delay time 
it incurs when all occupied virtual channels at that stage 
are blocked. Hence, tj is given by 

tf = to (1 + bj) (18) 

Now, we write the virtual channel occupancy proba- 
bilities at stage i, pj, used in Eq. ( 14). Figure 5 illus- 
trates the Markov model used to calculate such proba- 
bilities. It is a finite state model [17] with v, + 1 states, 
where sj corresponds to having j virtual channels be- 
ing occupied. At any node in the subsequent stages, a 
transition from state sj to sj+l takes place with rate &, 
where i is the stage number. The transition rate to state 
sj-1 is l/t;. Solving the state equations of such model 
[7] gives 

{ 

1 : j=o 

qf = qj-,&tj : O<j<v, 
x, 

9:,-l *-xi j = vc 
(19) 

“0 

aNote that this is not an exact estimate since it doer not con- 
sider the processing, scheduling, and transmission delays incurred 
at subsequent stages. Also it does not consider the increase in the 
effective service t ime due to blockage [7]. 
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(a) N = 256 nodes, CL = 624 M bits/s, and 
pktl = 4Kbytes = 100fltl 

(b) N = 32 nodes, CL = 624 Mbits/s, and 
pktl = a&-bytes = 50fltl 

Figure 6: Predicted Latency (a) and Throughput (b) for 
different numbers of virtual channels 

If there are VC,,~ virtual channels being occupied at 
any stage in the network, a flit takes VC,,~~ time to 
traverse one channel. This is due to the delay caused by 
virtual channels multiplexing. At the source node, VC,,~ 
is given by [7]: 

Finally, the service time seen by the packet at the 
source node, t<, is calculated by 

l The time a one flit takes traversing the Havg - 1 hops 
of t,he network, where Tfld = (f/tr/cl) +thpc +tseh, 
when there is no contention. 

The last step is to consider the queuing delay in the 
source node segmentation queue that contains flits sent 
in t,he same direction. Similar to our previous analysis, 
the packet, latency, T, can be found using Eq. ( S), where 
6 is found by Eq. ( 22). 

Figure 6 (a) shows the latency predicted by Eq. ( 8) 
versus the packet arrival rate for different numbers of 
virtual channels when 6 is computed using Eq. ( 22). 
Note that for low number of virtual channels, for instance 
w, = 1, the packet latency increases more rapidly. As 
the number of virtual channels, we, increases, a lower 
latency can be obtained. However, the improvement in 
the packet latency becomes flattened when the number 
of virtual channels per link becomes larger than 8. 

If we define the throughput as the maximum traffic 
that can be offered by a node in one direction, Xmax, 
then we can write 

Xmax = + 
s (23) 

Figure 6 (b) depicts the throughput, predicted by Eq. 
( 23), for different numbers of virtual channels. For 
very low loads, lesser number of virtual channels gives 
better throughput. However, as the load increases, the 
throughput decreases more rapidly for smaller number 
of virtual channels. Higher number of virtual channels 
gives better throughput for higher loads. It is clear from 
Figures 6 (a,b) that having four to eight virtual channels 
per physical link is adequate. 

4.3 Experimental Results 

To validate our analysis and study the effect of the 
parameters used in that analysis on the performance, 
we have simulated the multi-link ring network using the 
OPNET4 simulation tool [18]. We have used the OP- 
NET tool because of its support to hierarchical struc- 
t,ures. With such property, many of the events that take 
place in reality can be simulated more accurately. 

We have simulated a number of multi-link ring net- 
works and different routing strategies. Each simulation 

.\ was run until saturation in the average delay occurred. hi&o + tF=“g-1)2 
2(1 - A~~&0 + x?g-‘)) 

+*fld(H 
Quo-l) The network model consists of N communication nodes 

(22) 
connected by multiple unidirectional links (in both di- 

As shown in Eq. ( 22), t, has three components: 
rections) of 624 Mb’t / 1 s s each. The link capacity is di- 
vided among the busy virtual channels sharing that link. 

o Virtual channels multiplexing delay. 
Each node has a packet generator (P-G), a segmenta- 
tion queue (S-Q), 21 transmitters (Tis, 0 5 i < 21- l), 

. Waiting delay at the source node virtual channel 
21 receivers (I&s), and 21 routers which are also pzLeve 

queue. It is modeled with a M/D/l queue with 
modules (R-Pis). 

x = XH:., and p = to + XH,,,-1 4 OPNET is a trademark of MIL 3, Inc. 
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Figure 7: Comparison of predicted (using M/D/n & 
M/M/n) and measured latency (in ms),T, when N = 16 
nodes. 

Figure 7 shows the expected packet latency, predicted 
by Eq. ( 8), versus the packet arrival rate. The figure 
depicts the analytical results predicted by the M/M/n 
and M/D/n queuing models discussed above, and sim- 
ulation. Note that the virtual channel occupancy prob- 
abilities of these queuing models were found based on 
an infinite state Markove model. In Figure 7 (a), we 
assumed N = 16, pkt, = 2 kbytes = 5fltl (the packet 
is divided to 5 flits), and v, = 4. Figure 7 (b) shows 
the packet latency when pktl = 1Ofltl. As depicted in 
the figures, dividing the packet to smaller flits produces 
results closer to those measured by simulation. Also, 
the results predicted using the M/D/n queue model are 
closer to simulation results than those of the M/M/n 
queues. Both figures show that for very low loads, the re- 
sults predicted by the analysis and simulation are almost 
identical. However, as the load increases the discrepancy 
between them also increases. This is due to the assump- 
tion that packets follow a Poisson arrival mechanism at 
each of the successive queues which is not accurate for 
high loads. 

For a system with multiple M/D/n or M/M/n queues 
in tandem and a fixed packet length, such assumption 

(a) pktl = 5fltl 

(b) pktl = 10fltl 

Figure 8: Comparison of predicted and measured la- 
tency,T, when the source segmentation queue is an 
M/D/l or M/M/l, N  = 16 nodes. 

is not quite valid. This is because the service time at 
the subsequent queues of such system are not indepen- 
dent. Moreover, it has been shown by simulation that 
when packet lengths and inter arrival times are corre- 
lated and under heavy traffic conditions, the average de- 
lay per packet is smaller than it is in the ideal situation 
when there is no such correlation [19]. This argument 
explains the difference between simulation and the an- 
alytical model that uses the above queuing systems at 
high loads. 

Figure 8 shows the expected packet latency, predicted 
by Eq. ( 8), versus packet arrival rates when t< is com- 
puted using the finite state Markov model. The fig- 
ure depicts the analytical results predicted by assuming 
M/M/l or M/D/l queuing model for the segmentation 
queues at the source node, and simulation. In Figure 8 
(a), we assumed N = 16, pktl = 2 kbytes = 5flt1, and 
V, = 4. For low loads, all three results are almost iden- 
tical. However, as the load increases, the difference be- 
tween the M/M/l and M/D/l gets larger. As depicted 
in the figure, the measured results obtained by simula- 
tion are closer to the M/M/l model when the load is 
low. As the load increases, the simulation results get 
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N = 16 and pktz = 5fZtl 

Figure 9: Comparison between two measured routing 
strategies 

closer to those of the M/D/l model. For high loads, 
simulation results are smaller than both models and the 
discrepancy gets larger as the load increases. This is due 
to using Eq. ( 16) in finding the probability of having an 
individual header flit blocked at stage i. In that equa- 
tion, we assumed that the total time required to service j 
occupied virtual channels at stage i with no idling is jt,. 
This slightly underestimates the virtual channel delay 
(since it overestimates the blocking probability) because 
the processing delay, scheduling delay, transmission de- 
lay, and the increase in the effective service time due to 
blockage are not considered. 

Figure 8 (b) h s ows the packet latency with the same 
parameters assumed in Figure 8 (a), except that pktf = 
10fZtl. It is clear that reducing the flit size (increasing 
the number of flits per packet) overcomes the problem 
of overestimating the blocking probability occurred in 
Figure 8 (a). For low loads, the M/D/l model results 
also agree with that of the M/M/l and simulation. As 
the load increases, the discrepancy between them gets 
larger. 

Figure 9 shows the impact of the routing scheme 
on the packet latency. We have simulated two rout- 
ing strategies for a multi-link ring with N = 16 and 
pktl = 2Kbytes = 5fltl. In the first strategy, packets 
that are originated from a node that belongs to build- 
ing block i (four-node ring i) and sent to a destination 
node in ring j use ring j only. In the second strategy, 
packets with source nodes belong to ring i, and destina- 
tion nodes belong to ring j use ring i only. Note that 
there are two directions that packets can use (right or 
left), depending on the distance between the source and 
the destination nodes. This figure shows that the second 
strategy is better because the contention on each physi- 
cal link is less. Only packets originated from nodes that 
belong to the same building block can share the same 
link. Consequently, a more channel service rate can be 

Figure 10: Measured packet latency for different flit 
sizes. 

achieved. In the first strategy, more packets can share 
the same link. Since we assume that there is only one 
segmentation queue to store all flits sent in the same 
direction, more flits will be waiting for service in that 
queue and more delay is incurred. 

Figure 10 shows the measured packet latency for dif- 
ferent flit sizes (N = 16, v, = 4, and pktr = 2Kbytes). 
For low loads, a smaller flit size produces lesser latency. 
As the load increases, a bigger flit size gives lesser la- 
tency. Higher load means more flits sharing the same 
channel. Smaller flit size means that flits are more spread 
between source and destination nodes. Therefore, more 
delay is incurred. A similar argument can be applied for 
blocked header flits; blocked flits will block lesser number 
of virtual channels when the number of flits per packet 
is less. 

5 Conclusion: 

In this paper, we have presented a new design for 
a dynamically reconfigurable multi-link ring network to 
meet communication requirements of high-performance 
parallel and distributed systems. Our  approach to design 
the switch is aimed at achieving simplicity and parallel 
processing of messages. 

We have discussed two approaches to analyze the sys- 
tem performance. In the first approach, we have devel- 
oped an analytical model using the M/M/n and M/D/n 
queuing models. While in the second approach, we 
have introduced an analytical model based on a finite 
state Markove model developed for networks with vir- 
tual channel flow control. Simulation, using the OPNET 
tool, has been implemented to check the analytical re- 
sults. The simulation results indicate that the second 
approach is more accurate in analyzing the behavior of 
the packet transfer time in the proposed network. This 
is because the assumption that packets follow a Pois- 
son arrival mechanism at each of the M/D/n or M/M/n 

244 

Proceedings of the 20th Conference on Local Computer Networks (LCN '95) 
0742-1303/95 $10.00 © 1995 IEEE 



queues in sequence in the first approach is unrealistic, 
especially at high loads. 

The analysis also indicates that the use of wormhole 
routing and virtual channel flow control is a significant 
factor in increasing the network performance. For low 
traffic intensity, a small number of virtual channels is 
adequate. However, for high traffic intensity, a larger 
number (up to 8) of virtual channels is more appropri- 
ate. With the reconfigurability property the proposed 
design can support the best choice for the number of 
virtual channels, and therefore a better performance can 
be achieved. In addition to the implementation of the 
multi-link ring network, we are currently studying imple- 
menting other topologies, such as Mesh and 2-d Torus. 
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