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Abstract 

This paper evaluates the performance of a lo- 
cal switching network using a Manhattan street 
network (MSN) for high-speed ATM applications. 
The MSN has a cyclic structure and belongs to 
the class of deflection-routing networks. We pro- 
pose the use of shared buffering in the structure 
of each node. With shared buffers the network 
operates efficiently since the occurrence of deflec- 
tions is minimized. We develop a new analytical 
model for the MSN and use it to study the traffic 
performance of this networlc. The key new result 
of this study is the need to scale the bandwidth of 
the MSN links in proportion to the networlc size. 
Through this evaluation, we determine how much 
speed advantage an MSN requires to become a 
practical switch. Numerical results of the anal- 
ysis are compared with numerical results of an 
extensive simulation developed for this network. 

1 Introduction 

The Manhattan-street network (MSN) is a reg- 
ular mesh network that can be realized as a col- 
lection of horizontal and vertical rings as shown in 
Figure 1. The MSN has been presented for imple- 
mentation in geographically distributed computer 
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networks [8] [9]. The links resemble the streets 
and avenues in Manhattan which alternate in di- 
rection. With the torus-shaped topology embed- 
ded in the network, at each node there are two 
links arriving and two links leaving regardless of 
the network size. Although it is not indicated 
in the figure, at each node an incoming link and 
an outgoing link connect the network to a local 
processor which generates and receives data sent 
through the network. Routing in the MSN relies 
on deflection. When two cells request the same 
outgoing link, only one of them is forwarded on 
the preferred link while the other one is deflected 
on the second link. By maintaining this rule in 
the system, once a cell is admitted to a network, it 
is not discarded if congestion occurs. Instead, the 
cell is misrouted temporarily but will ultimately 
reach its destination. However, deflection of cells 
onto longer paths causes additional delay. 

This paper is organized as follows. In Section 2, 
the structure of a node with shared buffering and 
its potential effects on performance are discussed. 
In Section 3, the performance of the network un- 
der deflection routing using a stochastic model for 
the queueing-deflection process is analyzed, and 
some numerical results are presented. In Sec- 
tion 4 results of the performance evaluation on 
the system throughput, delay and average num- 
ber of deflections are presented and compared 
with the results of a simulation. 

2 Nodes with Shared Buffering 

Consider Figure 1 and assume the network has 
no internal buffers to store incoming traffic. In a 
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Figure 1: A 4x4 Manhattan-street network. 

deflection-routing network, if two cells from the 
neighboring nodes arrive at the sarne tirne and 
both cells require use of a given output, tlhe con- 
flict is resolved by temporarily deflecting one of 
the cells on an undesired link and allowing the 
other one to be forwarded to the desired link. 
However, deflection routing by itself as a con- 
tention resolution strategy can waste bandwidth 
within the network by requiring cells to follow 
suboptimal routes. If a node has no internal stor- 
age> de-flection is necessary to avoid blocking or 
discarding the cell. It is apparent that augment- 
ing the Manhattan street networks with buRers at 
every node potentially ofFers better performance. 
In this context, [3] and [4] have examined t,he ef- 
fect of ozLt@ li,lLjJering in the Manhattan-street 
network. With this strategy, a cell must be routed 
to a buffer upon its arrival. If the desired buffer is 
full, the cell has to be deflected on the other one 
and it, can not be changed at a later time if the 
desired buffer allows admission cl new arrivals. 

We extend this work and combine t,he two out- 
put buIlFErs of each node; letting the inputs md 
outputs share Ann internal queue to reduce the fre- 
quency of the full buffer condition a.nd hence re- 
ducing the number of deflections further. With 
this buffering structure cells are stored in the 
shared buffer slots regardless of their destina- 
tions, and deflection occurs only when all buffer 
slots are occupied. The structure of a node in 
h two-connected. network is shown in Figure 2. 
Note that the routing within the network: is im- 
plemented by 2 x 2 nodes, but as mentioned be-- 

Figure 2: The proposed structure of a node. 

fore, there is one incoming external link a.nd one 

outgoing external link joining ea,ch node to a, lo-- 
cal processor. In the ATM context, this proces- 
sor would irnplement the interface to an external 
transmission link. Thus, each node is in fact a 
3 x 3 switch. Wihh the shared buffer structure, 
an incoming cell is immediately stored in one of 
the b buffer slots. A 3 x b crossbar implements the 
switching functions. At each cell cycle, a cell com- 
petes to access the desired outgoing link based on 
a priority field, and the winning ceil is allowed lo 
exit through a b x 3 crossbar. 

The method of shared buffering in the MSN 
would pot,entially reduce the number of d:~fle(:- 
tions compared to the similar but nonbr!fYered 
networks or MlSNs with different buffering s?,~,te- 

gies. The sec’und advantage of using the shared 
buffer scheme is the nature 01 such a queueing 

structure for providing better performance. In ii] 
a comprehensi.ve study on the performa,nce of the 
shared buffering strategy for switching nstworks 
has been made. The results of this study show 
that switchin:g systems with shared buffers at 
ea.ch swit,ch eiernent provide better over ill per- 
formance. 

When cells arrive at a node, the node drtcr- 
mines how they should be routed. There are 
four possibilities; type--l cells a,re transmitted to 
the local processor (through t,he external link), 
type-2 cells are addressed to the row output (in- 
ternal link), type-3 cells are addressed to the 
column output (internal link), iljnrl fir~itl1-y t,ype- 
4 cells can be sent to either the row or col- 
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umn. The last possibility arises because the 
grid structure of the MSN provides a multiplic- 
ity of equally good paths between most source- 
destination pairs. The routing decision for a cell 
is made when the cell arrives and is stored in the 
control circuitry of the node. 

The MSN provides no flow control between ad- 
jacent nodes in the network, but does provide flow 
control back to the local processor. This means 
that the node must be prepared to receive two 
cells each cycle. To ensure that two cells can be 
received and stored in one cycle, the output con- 
trol always transmits enough cells to ensure that 
two buffer slots are available for arriving cells. 
If at the start of a node operational cycle, the 
shared buffer is full and all stored cells are of the 
same type and none is of type 4, one of the stored 
cells is selected for deflection and sent to a row or 
column output that would not otherwise be used. 

2.2 Port Processors 

At the incoming external link of a node, an in- 
put port processor (IPP) is used to convert the 
ATM cell to the local network format. The IPPs 
have lookup tables to determine the routing in- 
formation for cells. Due to the limited capacity 
of the network, an input buffer, as shown in Fig- 
ure 2 accepts new arrivals if there are empty slots; 
otherwise the cells are discarded. Once a cell is 
admitted to the network, due to the queueing- 
routing strategy explained earlier no cells are lost. 
At the output side, output port processors (OPPs) 
accept cells from the MSN and resequence them. 
A resequencing operation is needed for misordered 
cells. This misordering is caused by the multiplic- 
ity of paths and the resulting variation in delays 
in the queues throughout the network. 

3 Performance Analysis 

In this section, an exact analytic model for the 
Manhattan-street network based on the proposed 
node structure is presented. We start with the 
state of the input buffer which is explicitly mod- 
eled by a discrete time birth-death process. Ac- 

cording to the operational description of a node 
given earlier, the input buffer is granted permis- 
sion to deliver cells to the shared buffer so long 
as the number of cells in the shared buffer is less 
than b - 1. This mechanism is carried out by a 
grunt flow control as shown in Figure 3, and the 
probability that a grant is given is denoted by ‘p, 
Thus, v depends on the state of the shared buffer. 
Let T(j) be the probability that the shared buffer 
at a given node contains ji, j,, ja, and j, cells of 
type 1, 2, 3, and 4, respectively where j is a state 
vector [ji,j2,jsr ja], then v can be expressed as: 

Y = 1-L c 74.i) 
.i,jl+h+j3+j4=b-l 

+ c 4.31- (1) 

Using v and the external offered load p, all states 
of the input queue can be determined from the 
transition probabilities of the Markov chain de- 
scribing the input buffer. In general, The proba- 
bility that an input port buffer contains exactly s 
cells, 7r, (s), is computed recursively starting from 
rriT, (0) and is given by: 

TX (4 = %(S - l)PF + %+) (pep + pep) 
+-irx (s + l)Py, (2) 

where o is the number of input buffer slots, and 7 
and 7 are (1 - QQ) and (1 - p)) respectively. Next, 
let pz be the probability that a cell is available 
to enter the shared buffer from the input buffer. 
This term is calculated from the state of the input 
queue when the queue is nonempty: 

Px = 1- 7r,(O)* (3) 

As defined above, let p; be the probability that 
the row (or column) predecessor of a given node 
has a cell for it. By the symmetry of the network 
and the uniform traffic assumption, pi is also the 
probability that a node sends a cell on its row (or 
column) output. Thus: 

pi = C-(j)+iC7r(j)- 
j&X jEY 

(4 
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Figure 3: Modeling a node for queueing-deflection 
analysis. 

where X consists of all state vectors [.jr, j,, js, jd] 
that satisfy the following: 

[.h > 01 v [j% = 0 A j, = 0 A j, > 111 
v b2 = 0 A j, > 0 A j, > O] 

v [Ji = 0 A j, = 0 A j, = b A j, = 01 

and Y consists of all state vectors [jr, j,, j3,j4] 
that satisfy the following: 

[.?2 = j, = Q] .A [jl + j, = b] A cj4 2 I] 

Also, with term r(j) the condition under which 
a cell must be deflected can explicitly be deter- 
mined. Let 6 be the probability that a node de- 
flects a cell in a given cell cycle. A cell is deflected 
when all of the shared buffer slots are occupied 
by cells of type 1 or 2 or 3. This statement is 
expressed by: 

where 2 consists of all state vectors [jr, j,, js, jd] 
that satisfy the following: 

[jl = b] I/ [j2 = b] v [j3 = b] . 

Now, in order to compute the probability that a 
given number of cells enter a node, we first need 

the traffic load for cells of each specific type. Let 
~~2, ~~3, and pz4 be the offered loads from the in- 
put bu-ffer for cells of type 2, 3, and 4 respectively. 
Notice here that, no cells of type 1 arrive from the 
external link as indicated in Figure 4. The use of 
a uniform traffic mode! leads to balanced cell ar- 
rivals of type 2 and 3 from each internal link and 
thus pz2 = ~~3. One can notice that in the MSN 
there are a numiber of nodes in which a cell can 
take either outgoing link to reach to its destina- 
tion using a shortest possible path. This is a con- 
sequence of the topological structure of the MSN 
which provides a multiplicity of shortest paths be- 
tween most pairs of nodes. Here, these types of 
nodes are referred to as don’t-care nodes. Let u be 
the overall percentage of don’t-care nodes among 
the other nodes. It can easily be shown that in a 
network with N2 - 1 nodes (destination node is 
not included): 

1 
V=N2* ,2 c 

5v2--Iv+1 
> 

. 100% . (6) 

For details of computation of V, see [la]. We take 
the percentage of cells that are of type 4 to be 
equal to V. This gives 

and also: 

Pz4 = VP,, (7) 

PXZ = pa3 = ;(I - v)pz. (8) 

Similarly for i E { 1,2}, !et p;i, pi2, pi3, and pi4 

be the internal traffic arriving from an internal 
link that contain only cells of type 1, 2, 3, and 4 
respectively. Relying on the fact that no cells are 
lost within the network, the exiting load on the 
external link (the predecessor link of the OPP) 
should be equal to pz. This load is clearly the re- 
sult of the cell transmission from the two internal 
links. Therefore each internal link has an equal 
contribution of pz/2 to the exiting traffic from the 
external link as shown in Figure 4. The internal 
traffic loads can be written as: 

Pi1 = (9) 
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Figure 4: Distribution of traffic load in a node. 

Pi2 = Pi3=~(l-v)(pi-;pz)l (10) 

Pi4 = v(p; - ;pz,. ( 
Note that pi can be computed by pi = tp,/2 

where 1 is the average length of a path taken by 
a cell. Now, we can compute the probability that 
a given number of cells of various types enter a 
node. Assuming that an arriving cell from an ex- 
ternal link never exits from the same node, we 
define the generating function g(z, y, 2): 

!I(? Y, 4 = ((1 - Pzj + (Pz2 + Pz3)Y + Pz4Z) 

((1 - pl) + pllx + ipl2 + p13jY 

+P14ZJ2. (12) 

This expression can be expanded into a polyno- 
mial on CC, y, and Z. In this form, the coefficient 
of ,j$ y.i2 +j3 g4 represents the probability that ex- 
actly ji cells of type 1, j2 + js cells of types 2 and 
3, and j4 cells of type 4 enter in a single cycle. We 
call this probability p(ji I j2, js, j4), or p(j) where j 
is a vector [ji, ~‘2, js, ~‘41. Notice that this analysis 
relies on the assumption that the types of arriving 
cells are independent. 

Vv’e model the shared buffer by a Markov pro- 
ccm. We define X(jl, jz) to be the probability that 
if a shared bu-ffer is in state jl in the current cycle, 
it will be in state j2 during the next cycle. Let 
Q(j) be the vector k = [ki, Tea, /us) !Q] that repre- 
sents the number of departing cells of each type 
when the state is j. The transition probability is 

then computed by: 

X(.h,j2) = c P(h)* (13) 
h 

.il +h-Q(jl )=.iz 

The steady state probability for the shared buffer 
can then be determined from the balance equa- 
tions: 

7-42) = ~~(h,j2)~(.h)~ (14) 
jl 

We now take into account the impact of routing 
where a cell takes an average of 1 hops from its 
source to its destination. Let 1, be the average 
length of a shortest path from a source to des- 
tination assuming no deflections. For simplicity, 
realize the re-orientation of all addresses with re- 
spect to the destination address at (0,O) [9]. The 
average distance can be computed by summing 
over all possible source addresses (i, J’) as follows: 

&  1 -L- 
N/2 N/2 
c c (14 

N2 - ’ i=-(N/2-1) j=-(N/2-1) 

+IA +a (15) 
where E is the number of additional hops a cell 
takes as a result of the fact that streets are always 
one way. It can be shown [la] that: 

e, = &-(N3/2+N2/4- N+4py412 

+4pv/4j2)* (16) 
To complete the analysis we need to d.etermine 
the impact of deflection on the length of paths 
taken by cells. Thus, let &  be the average num- 
ber of hops taken by cells as a result of deflections. 
Then, & = g * il, where n is the average num- 
ber of deflections in a given routing, and g is the 
number of additional hops a cell takes per deflec- 
tion. Examining the Manhattan street network, 
each deflection can cost a cell at most four addi- 
tional steps, hence g 5 4. For computing g, we 
need to calculate the sum of all additional hops 
cells take including all nodes and average it over 
the total number of nodes. In this case, one can 
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see that don’t-care nodes in which cells never get 
deflected must be excluded from the calculation. 
The number of don’t-care nodes can be obtained 
from Equation (16) (see [la] for details). The exact 
value for g can be given by: 

g= 
?iEp&!Q if $ is odd. 

Next, A can be (expressed in terms of 6, the prob- 
ability that a cell gets deflected which was given 
in Equation (5)) therefore: 

A = s(& + !,) . 17) 
By substituting A = .&/g in the above equation, 
we have & = gS (e, + &), hence: 

Let e be the average shortest path length includ- 
ing deflections. The value of ! is given by: 

Given, the above equation, one can compute 
the steady-state probabilities for a representation 
node of the MSN using an iterative numerical 
computation. Given the steady-state probabili- 
ties, we can easily calculate the required perfor- 
mance metrics (of interest. Tlle throughput (7’) 
can be extracted directly from the state of the 
shared buffers. ,&cording to the previous discus- 
sion, as long as there is one cell of t!ype 1 in the 
buffer, one of the cells is guaranteed to exit from 
the node. This is basically due to the fact that 
there is no ilow control mechanism at the node 
output. The throughput is then equal t,o: 

T = x n(j). (2oj 
.i,A #O 

The a.verage deltzy (D) is defined to be the number 
of cell cycles that a cell spends in an n-port net- 
work to reach its destination. Between the time 
a cell enters the network until it leaves, it passes 

through an average of & + 1 nodes. In the first 
stage of this queueing sequence, a cell stays in 
the input queue before entering the network. In 
the next l nodes, at each stage a, cell is queued 
in the shared buffer. At each of these nodes, the 
cell is of type 2, 3, or 4. Finally, a cell stays in 
the shared bu-ffer of the destination node where it 
is a type-l cell. Let D, be the delay incurred by 
the input queue, and D 1, Dz, 03 and 04 be the 
delays that a cell incurs in shared queues where 
it is respectively of type 1, 2, 3, and 4. The total 
average delay ca,n then be computed as follows: 

+v.D4) + D1 . (21) 

Recall that v represents the fraction of don’t-care 
nodes. In general, delay in a queue is computed 
by the ratio of the queue length and the arrival 
rate. Let the length of an input queue be denoted 
by 8x. Let Qk be the number of cells of type k 
in a shared queue, where lo E { 1,2,3,4}. We can 
define these two quantities by: 

(23) 

The arrival rate for the input buffer is in fact the 
external offered load p. The arrival rate for the 
shared buffer depends on the type of cell and in 
a, generic form is expressed by: 

Al = pa: = 2~11, (24 
AI, = Pxk + zf’lk, k E {2,3,4}. (25) 

By Little’s law 83, = QZ/‘A, and D; = &;/A; for 
i E (1,2,3,4}. Then, by substituting D, and D; 
into Equation (21) the total average delay can be 
obtained. 

4 Performance Evaluation Results 

This sectioa compa,res numerical results of the 
analysis with results of an extensive simulation 
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Figure 5: Throughput (7’) and delay (D) versus offered load (p) when the number of shared buffers per 
port of node (B) varies. 

experiments. We do not describe the structure of 
the simulator in this paper. For details of the sim- 
ulation structure and description of each subpro- 
gram see [12]. We give the results of the average 
number of cells leaving the network per cell cycle 
per external link which is referred to as through- 
put (7’). The average delay (D) is also measured 
from the time a cell enters the network to t,he 
time the cell leaves the network. By comparing 
the delay with the length of the least-cost path 
from source to destination, we can assess how ef- 
ficiently the network is operating. The average 
number of deflect.ions (A) per exiting cell is an- 
other measurement by which various results of the 
simulation are verified. We evaluate the effects of 
increasing offered traffic loads, varying speed ad- 
vantage, and increasing network size on the net- 
work performance. Speed advantage refers to the 
ratio of the internal link speed to the external link 
speed. 

4.1 Effect of Increasing Offered Tkraffic 
Load 

The-first set of results includes Figure 5 and Ta- 
ble 3. These results compare the numerical out- 
puts of the analysis given in the previous section 
with the simulation. Note that these results do 
not include the effect of speed advantage at this 

point. Figure 5 (left) shows the throughput with 
three different numbers of buffer slots per port of 
each node (B). With B = 2 and n = 16, at of- 
fered loads exceeding p = 0.4, the curve starts to 
flatten out since the network begins to reach its 
full capacity. 

By further increasing the load, the throughput 
does not iinprove further and even falls slightly 
since the growing incoming traffic increases the 
number of deflections as shown in Table 3. The 
flattening curves in Figure 5 (right) give the delay 
through the network, while the rising curves add 
the delay in the input queue. Notice the delay be- 
comes large when the network capacity is reached. 
It is also worth noting that most of the total delay 
is incurred within the input queue when the load 
is heavy. Finally, we compare the average number 
of deflections (A) obtained from the simulation 
and analysis. We notice a loop correlation effect 
at large offered loads in Figure 5 (left) and Table 3 
where the decrease of throughput slows down the 
increase of deflections, thus avoiding further de- 
cline of the throughput. 

Higher throughputs can be obtained using 
larger buffers. Both the simulation and analy- 
sis show an improvement in the throughput when 
the size of the shared buffer increases. However, 
the overall throughput cannot exceed an upper 
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Table 1: Comparison of simulation and analysis on the average number of deflections (A) versus offered 
load (p) when th e number of shared buffers per port of node (B) vary. 

- -____ --____ 
analysis simulation -I___ 

ojfered load (p) R=~BB=3 1 B=4 B=:!j B=3 1 B=4 

bound as seen in Figure 5. This mainly expresses 
the maximum c.apability of the network in han- 
dling the traffic at this rate of offered load. As 
was expected, by enlarging the capacity of the 
shared queue, lthe number of deflections is re- 
duced as well. We will show later that a speed 
advantage is needed to improve performance fur- 
ther. Comparisons on the results of simulation 
and the analysis exhibit admissible accuracy in 
the performance evaluation as seen in the plots. 

4.2 Effect of Network Size 

The next set of plots given in Figure 6 focuses 
on the effect of the network size on the through- 
put. In Figure 6 (left) we have e.xamined the 
impact of different network dimensions includ- 
ing n E {16,64,144,256} (N E (4,8,12,16}). 
In these experiments, the offered load is fixed 
at p = 0.9. As expected, enlarging the nletwork 
size n reduces the throughput. In this case, the 
system performance is sensitive to adding more 
buffer slots to the shared queue, but improving 
the system throughput with this approach is im- 
practical and it works out only to a certain point 
as explained earlier. 

Figure 6 (right) clearly demonstrates the effect 

of network size on the throughput when the speed 
advantage is <3N/4. We used this value since the 
average number of hops in the networks we sim- 
ulated is close to this figure. Note t,hat the speed 
advantage varies with the network size, thus en- 
larging the network dimension has little impact 
on the throughput as shown in the figure. 

4.3 Effect of the Speed Advantage 

In the previous discussion, we observed that 
the network iseems to be incapable of handling 
high traffic loads. We also noticed that increas- 
ing the number of shared buffers can improve the 
throughput, but this approach is useful only to a 
certain point beyond which the throughput even 
decreases. 

The next set of results shown in Figure 7 eval- 
uates the effectiveness of a speed advantage (s) 
on the network performance. The simulation re- 
pea,ts all previous experiments but letting the 
internal data paths operate at a rate s times 
faster than the rate of the external links where 
s E {2,3, . . . . 1.0). Th e results are given together 
with the previous observation of rate s = 1. With 
the speed advantage of 2 and 3, throughput im- 
proves approaching the ideal case. The plots 
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Figure 6: The effect of enlarging network size (n) on throughput (T) for three different numbers of 
buffers per port of node (B). Left: the speed advantage is one, right: the speed advantage is 3N/4 
(n = N2). 

show that in the neighborhood of s = 5, that is 
s y 1.25N, the network performs ideally meaning 
that it delivers the entire offered load to external 
links regardless of the traffic load. 

5 Summary 

In this paper we presented the design and anal- 
ysis of a local ATM switching system based on 
the Manhattan-street network (MSN). We pre- 
sented an ATM-compatible implementation for 
each node of the MSN. We studied the traffic per- 
formance of this network through a completely 
new analytic approach and computed the aver- 
age throughput and routing delay. The results of 
extensive simulation experiments were compared 
with the results of the analytical a,pproach. The 
use of shared buffering in the nodes resulted in 
lower delays and better performance compared to 
the previous work in the literature since the av- 
erage number of deflections was reduced. Both 
throughput and delay decline slightly at large of- 
fered loads. This behavior verified the increase of 
deflections at higher offered loads. One other con- 
tribution of the performance evaluation in captur- 
ing the MSN performance characteristics was the 
measurement of the system throughput with dif- 
ferent ratios of the internal link speed to external 

link speed. The results of this evaluation showed 
the necessity of the speed advantage as we scale 
up the system. 
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Figure 7: The effect of speed advantage (s) on 
the throughput (T) of the network when ‘offered 
load (p) varies (n = 16). 
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