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Abstract - In this paper we present methods to eval-
uate the benefit of using direct ATM connections (short-
cuts) between IP nodes in IP over ATM networks, and
we identify the combinations of IP and ATM network
topologies where ATM shortcut benefits are likely to be
high. We model an IP/ATM network with and with-
out ATM shortcuts as two loss networks. We propose a
metric for network performance comparison, the Net-
work Load Ratio, that gives the ratio of the number of
flows accepted by two networks at the same network
blocking probability. We derive an estimator of this
mefric, the Asymptotic Load Ratio, that has low com-
putational complexity. This estimator forms the basis
of a methodology for network performance compari-
son. We use this method in simulation experiments us-
ing random networks. These experiments indicate that
in many cases the utilization of an IP/ATM network in-
creases proportionally to the decrease in the average
path length when ATM shortcuts are used. We have
also found that there is almost no correlation between
the increase in network utilization (when using ATM
shortcuts) and the IP to ATM node ratio.

1 Introduction

The exponential growth of interconnected data net-
works such as the Internet is probably the most important
development in the telecommunication sector in the current
decade. The improvement in the capacity of telecommuni-
cation networks through fiber optic and ATM technology
has been an essential contribution to Internet’s transition to
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a mass scale world network. Today, at most of its struc-
tural levels (Backbone, WAN, regional Internet Service
Providers), the Internet is carried over telecommunication
networks that are increasingly deploying ATM technology
(e.g., NSF’s very High Speed Backbone Network Service,
vBNS, [8]). In such cases, IP networks are configured as
virtual networks over ATM network infrastructures. The
results, overlaid IP/ATM networks, feature a virtual sepa-
ration between the IP and ATM networks.  This is ex-
emplified in Figure 1, where IP traffic between A and C
is forwarded over the IP default route constructed from the
fixed ATMVCs A— Band B - C.

’ (}:fault — ATM links
IP cut-through ==~ IP links
A/" C [11P router
7 ~::l;| 0 ATM switch
.......... 5
ATM shortcut

Figure 1: The three IP/ATM types of service for IP flows

The recent development and deployment of network
layer ATM protocols such as ATM signaling {18] and
PNNI [16] makes it possible for IP to interact with ATM
over the same physical network. Recently, several pro-
posals have been put forward to improve the efficiency of
IP/ATM networks through an interaction between IP and
ATM network layers. One proposal [15] is to cut through
the IP processing of IP packets and transmit the data of an
IP flow through a separate ATM virtual circuit (VC). The
VC connects two IP routers at the edge of the ATM net-
work, and the route of the ATM VC follows the IP route (in
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Figure 1 the IP cut through is realized through the switched
VCA-B-0C).

Another set of proposals goes one step further and per-
mits the ATM VC, called ATM shortcut, connecting two IP
routers, to be routed by the ATM network. ATM shortcuts
are proposed by the Next Hop Resolution Protocol (NHRP)
[14] for unicast IP flows and by Multicast Address Reso-
lution Protocol (MARS) [1] for multicast IP flows. Al-
ternatively, in [2] we proposed a combination of RSVP
and ATM signaling for resource reservation of IP flows
with Quality of Service (QoS) requirements in IP/ATM
networks. For example, in Figure 1 the ATM shortcut be-
tween A and C is the switched VC A — C.

IP cut-through has proven to be beneficial in experi-
mental systems and commercial products by increasing the
average throughput of IP routers embedded in ATM net-
works [12, 4]. Additional performance improvements are
possible in the ATM shortcut operation mode since rout-
ing IP flows in the ATM network provides the opportunity
for more efficient network resource utilization than the IP
cut through mode. However, there has not yet been any
theoretical or practical confirmation of the benefit of ATM
shortcuts. In this paper we address the following question:

Given an overlaid IP/ATM network, what is the
performance benefit of ATM shortcuts?

This question is important in IP/ATM network design,
where the benefits of ATM shortcuts can be weighed
against the simplicity of a separate model where IP and
ATM are maintained at separate layers. The purpose of
this paper is to develop a methodology for evaluating ATM
shortcuts, given an IP/ATM network, and to assess the ben-
efits of ATM shortcuts in a variety of scenarios.

To answer the above question, we first model an
IP/ATM network, with and without ATM shortcuts, as two
distinct network graphs. We then propose a metric to com-
pare the performance of the two networks: the Network
Load Ratio. For a given IP/ATM configuration, the Net-
work Load Ratio represents the additional load the IP/ATM
network can accept on average when using ATM short-
cuts (compared with the “IP cut through” case), for the
same network blocking probability. We develop a method
to compute the Network Load Ratio for a given network
blocking probability based on the Fixed Point Method
[17]. We also develop the notion of Asymptotic Load Ra-
tio which is an approximation to the Network Load Ratio
when the networks operate in underload conditions. We
find experimentally through simulation that this provides a
good approximation (the 90-percentile of the relative error
is less than 0.12) to the Network Load Ratio for a range of
network blocking probabilities (less than 0.02), thus giving
a general indication of the relative performance of the two
networks. This second method is very attractive due to its

low computational complexity. We use this method in sim-
ulation experiments to identify network topological condi-
tions where ATM shortcuts bring high benefits. We find
that in many cases the utilization of an IP/ATM network is
improved significantly when the average route length de-
creases upon using ATM shortcuts. We also find that there
is almost no correlation between the increase in network
utilization (when using ATM shortcuts) and the IP to ATM
node ratio.

The paper is organized as follows. In Section 2 we
propose a metric for network performance comparison, the
Network Load Ratio and its limiting value for underioaded
conditions, the Asymptotic Load Ratio, and two methods
for their approximate computation. In Section 3 we eval-
uate the accuracy with which the Asymptotic Load Ratio
estimates the Network Load Ratio. In Section 4 we use the
Asymptotic Load Ratio in simulation experiments to deter-
mine network topological conditions where ATM shortcuts
bring high benefits. Section 5 concludes the paper .

2 A Metric and Two Methods for Network
Performance Comparison

Our approach in quantitatively evaluating the benefits
of ATM shortcuts consists of comparing the flow loads of-
fered to two networks having the same blocking probabil-
ity. We will compare a given IP/ATM network where IP
flows are routed by IP routing, with the same IP/ATM net-
work where IP flows are routed by ATM routing. In this
section we propose a metric to compare the performance of
two loss networks, and we develop two methods for esti-
mating this metric. The technical details rely on the theory
of loss networks; see [20, 9, 10, 17] and references therein.

We assume that both IP and ATM routing are fixed.
Alternate routing, possible in ATM and also under study
for IP (see for example [3]), may bring additional benefits
in increased network utilization. Nevertheless, computing
network loss probability is much more complex when us-
ing alternate routing (see for example [6]). Moreover, al-
ternate routing in ATM, as well as QoS-based routing in
IP, is work in progress, and therefore, not completely spec-
ified. Therefore, here we consider fixed routing as a first
step in evaluating the performance of ATM shortcuts. An
extension to our study that would include alternate routing
constitutes an interesting future work.

We consider a network consisting of a set of nodes V
and a set of links £. A link ! € £ has capacity C;. The
flows that arrive to the network have origin and destination
inaset A C V, called access nodes. (In the next sections,
V will be the set of ATM nodes, and A4, the set of IP nodes.)
These flows are classified into a set of classes X according
to their end-point nodes, i.e., there is a separate class k € K
for each pair of nodes (4, B), 4, B € A.

Since we assume that routing is fixed, it follows that all
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flows of class k£ € /C are routed on route r, where 7y is
the sequence of links traversed by flows of class k. In this
study, we assume that all flows have the same bandwidth
requirements (henceforth taken as a unit of bandwidth), ir-
respective of class. The more general case, where flows can
have different bandwidth requirements, although tractable,
is more complex, and we leave it for future work. A class
k flow is admitted iff one unit of capacity can be reserved
at each link [ € ri. We define R = {ry|k € K} to be the
set of routes in the given network.

Flows arrive to the network according to a Poisson pro-
cess with rate A and have exponential holding times with
mean 1/p. The intensity of offered load is p = A/p. With
probability v, a flow becomes a class &k flow. A flow is
blocked at a link if the flow’s bandwidth requirement is
larger than the link’s available bandwidth. The probabil-
ity that a flow of a class is blocked at link j is denoted by
L;. A flow is blocked (its establishment is denied) if it is
blocked at any link on its path (route). The probability that
a class k flow is blocked (not admitted) is denoted by By.
The probability that a flow is blocked, called the network
blocking probability, is denoted by P and is given by

P =" B =P(p) (1)

kek

where P depends on p through Bj,. Let us define ¢y, to be
the intensity of offered load of class k&

br=vkp VEEK o))

We also introduce 7, the probability that a flow traverses
link ¢,
m= », v VieL 3)
kEK, i€y
and v;, the intensity of offered load on link ¢,

hi= Y, f=mp Vi€l )

kEK,i€ry

Let us now consider two networks N; and N, with
link sets £, and L5 and route sets R and R, that have
the same set of access nodes, 4; = A = A (ie., the
same set of flow end points), the same set of flow classes,
K1 = K2 = K and the same offered load probabilities
(Vi) kex. We define the following metric for comparing
the performance of the two networks.

Definition 1 The Network Load Ratio of networks Ny and
N, at blocking probability p, R(N1, N2, p), is defined to be
the value of R such that

Py(Rp) = P2(p) =p (5

Network N is said to perform R times better than Ny at
blocking probability p.

In other words, if N7 and Ny have a Network Load Ra-
tio of R, N1 can handle a load that is R times greater
than No for a network blocking probability p. Observe
that the Network Load Ratio R depends on the network
blocking probability p and on the characteristics of the two
networks: R = R(Nj, N3, p). Henceforth, when no con-
fusion is possible, we drop the parameters /N3 and N, from
the expression of R.

The Network Load Ratio for a given network blocking
probability p is given by

-1
R(leNQap) = _‘E_I:_%
2

©
where P;~*(.) is the inverse of function P;(.), i = 1,2. In
general, the network blocking probability cannot be com-
puted exactly due to its computational complexity [13].
However, a good approximation is given by the Fixed Point
method, also known as the Reduced Load approximation
[10]. Following the Fixed Point method, an approximation
of the blocking probability By, of flows in class k, B;, is
given by

Bi=1-[[-L) )

JETE

where L}, an approximation of the blocking probability L;
at link 7, is the solution of the following system of equa-
tions,

Ly=Er( Y & [ -L).Cy) jeL®

kEK,j€rk i€rp—{j}
Here Er() is the Erlang loss formula,

Cron
Br(p,0) = 219 )

- C

It follows that an approximation for the network blocking
probability is,
pP* = Z nB; (10)
kek

The system of equations (8) can be solved by repeated
substitutions, and is known to converge in most practical
cases, giving a good approximation to By. The inverse of
the network blocking probability function, p = P~1(p),
can be computed using any numerical method for approx-
imate root computation (e.g., the secant method) in con-
junction with the Fixed Point method. The procedure
based on equations (2), (6)-(10) allows us to compute the
Network Load Ratio of two networks that operate at a
given network blocking probability. It constitutes the first
method that we propose for network performance compar-
ison.
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A problem with this method is its rather high com-
putational complexity. The computation of Network
Load Ratio based on equations (6-10) has complexity
O(L*CKFS), where L is the number of links, C' is the
maximum of link capacities, K is the number of flow
classes, F' is the number of iterations in the Fixed Point
method, and S is the number of iterations of the secant
method. This complexity arises from the fact that the com-
putation in (8) is done for all L links, with the product in
(8) being O(L), the sum in (8) being O(K), and the com-
putation of the Erlang function being performed in O(C).
From our experiments in Section 3, for an approximation
error of 0.01, F typically falls between 3 and 100, and S
typically falls between 10 and 50.

Another problem with this network comparison method
is that it yields the Network Load Ratio R(p) of two net-
works for a given blocking probability p. The point value
R(p) may not provide much insight into the relative be-
havior of the two networks for a range of network blocking
probability values p.

After a series of empirical experiments with various net-
works of different topologies and loads, we have come to
the conclusion that the Network Load Ratio R(p) generally
exhibits little variation in a range of values for p that are of
interest to us. For example in Figure 3 we plot the network
blocking probability of four networks with 17 access nodes
and four different topologies: the complete graph, tandem,
star and a model (that we labeled “N17”) of the NSF Back-
bone (see Figure 2) as it was in 1995. In each network,
for each pair of nodes (and thus for each flow class k), we
take v, = v, Vk € K. We observe that the Network Load
Ratio is almost constant for blocking probabilities in the
range p € [1073,0.01]. In the following we provide a for-
mal motivation for this empirical observation and derive a
second method for comparing two networks.

A e

Figure 2: Topology of N17 (a model of NSF Backbone)

—®

We observe (as illustrated in Figure 3) that a “small”
value of network blocking probability (1e., p €
[1073,1071]) does not necessarily correspond to a small

Comparison of Four Network Topologies
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Figure 3: Comparison of four network topologics

value of p (in Figure 3, p € [102,10°]). Thus, we consider
the limit of the network load ratio as p — 0, and not as
p — 0 (p approaches 0 more slowly).

Let us consider two networks NV, and N, having all pa-
rameters defined earlier.

Definition 2 The Ilimit of the Network Load Ratio
R(leNQap) asp —r 0;

Ao(Ny, Na) = lim R(N:, Na, p) = lim £ )
0 1,4V2 PO 1, 2, 0 Pz—l(p)

is the Low-Blocking Load Ratio of networks Ny and Ns.

Observe that A is a function of link capacities C;. In [5]
we establish the following result.

Proposition 1 If all link capacities are the same in both
networks, C; = C, Vi € Ly, q = 1,2, then the limit to the
Low-Blocking Load Ratio as C — o0, named Asymptotic
Load Ratio, is:

ANy, No) = Jim Ao(Ny,Ny) = Ma/My (D)

where
My =maxn; ¢=1,2 12)
€L,

Intuitively, Proposition 1 says that the relative perfor-
mance of two networks in underload conditions is given by
the ratio of loads on their bottleneck links. This result con-
firms the heuristic of “minimizing the maximum conges-
tion” used in several alternate routing algorithms in circuit
switching networks (see [17], Section 7.1 and references
therein).

Proposition 1 yields a simple approximation of the
Asymptotic Load Ratio when link capacities are large
(C > 100, as is the case with most current networks).

For the general case, where the values of C; are not re-
stricted, we make the following conjecture:
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Conjecture 1 The Low-Blocking Load Ratio is well ap-
proximated by the Asymptotic Load Ratio

A(Ny, No) = Ma /M, (13)
where
M, = I_rel%xni/Ci g=1,2 a4

In Section 3 we present a set of experiments where we find
the Asymptotic Load Ratio to be a good approximation for
the Network Load Ratio.

The computation of the Asymptotic Load Ratio given in
equations (11),(12), (13) and (14), constitutes our second
proposed method for network comparison. Note that the
complexity of the computation is O(LK) where L is the
number of links in the two networks and K is the number
of flow classes. This makes the computation of the Asymp-
totic Load Ratio much simpler than that of Network Load
Ratio.

3 Accuracy of Asymptotic Load Ratio

In this section we evaluate the accuracy of the Asymp-
totic Load Ratio. First, we verify that the Asymptotic Load
Ratio, computed as in (11), (12) and (13), (14), is the limit
of Network Load Ratio as the network blocking probability
approaches zero. Second, we seek to determine the range
of network blocking probabilities for which the Asymp-
totic Load Ratio is a good approximation to the Network
Load Ratio. Third, we measure and compare the compu-
tation times incurred while computing the Network ILoad
Ratio and Asymptotic Load Ratio.

We perform the evaluation through a set of simulation
experiments, where the two methods are applied to pairs of
randomly generated network topologies. We use networks
generated at Georgia Tech using the methods proposed in
[19], here named RAND, and in [21], named Transit-Stub
(TS). ! The RAND networks have unstructured topologies,
whereas the TS networks exhibit hierarchical structures
and smaller diameters, which are claimed [21] to more ac-
curately resemble real networks. All networks contain 100
nodes. All links in the RAND networks have OC3 (155
Mb/s) capacity, whereas only the backbone links in the TS
networks have OC3 capacity and the rest, T3 (45 Mb/s) ca-
pacity. The bandwidth of a flow is 100 Kb/s. The shortest
path routing policy is used to generate the routes.

In the first experiment, 10 networks of each network
type were considered, and compared to each other using
the two comparison methods. Specifically, the Network
Load Ratio R(N;, N;, p} is computed for each pair of net-
works N;, N; and for the following values of network

!The networks and the generating code can be found at
http://www.cc.gatech.edu/fac/Ellen. Zegura/graphs.html

blocking probability
pe {107%,107*,107%,1072,0.02, 0.03, 0.04, 0.05, 0.07, 0.1}

For each network pair V;, V;, the Asymptotic Load Ratio

A(N;, N;) is also computed. We then compute the rela-
tive error of Asymptotic Load Ratio compared to Network
Load Ratio for each network blocking probability value
and each pair of networks

e A(Ninj)—R(Ni’Nj)p)
N;,Nj; (p) =
R(Ni: NJ s p)
MEAN of ral. error of Asymp. Load Ratio wrt Netw. Load Ratio; RAND Nats
T T T T T
025F
0.2F
0.15
o1k
% 0.051 %
2 i
fg of - }~ |
2 i
i ~0.05 4
= i
01 !
i
0151 {
~0.2F i
-0.251
' L . I

- = ) 167
Network blocking probability

Figure 4: Mean of relative error of Asymptotic Load Ratio
with respect to Network Load Ratio; RAND networks

In Figure 4 we plot the results for RAND networks. For
each value of network blocking probability p, we plot the
average of the relative error values ey, n; (p), over the set
of all pairs (N, ;) of networks. We also plot a vertical
bar indicating the 5-percentile and the 95-percentile of the
set (en;,n; (P))i,;- We observe that the relative error con-
verges to zero as p — 0, which confirms Proposition 1 that
the Asymptotic Load Ratio is the limit of Network Load
Ratio. We also note that the 90-percentile of the relative
error is less than 0.12 for a network blocking probability
less than 0.02, indicating that the Asymptotic Load Ratio
is a good estimate for the Network Load Ratio in this range.
In [5] we show similar results for TS networks, thus con-
firming Conjecture 1.

In [5] we also show resuits from a second experiment
where we treat each of the networks considered in the first
experiment as a base network. Starting from each base net-
work we create 10 “supranets” by adding a random number
of links (between 1 and 10). We then compute the Network
Load Ratio and Asymptotic Load Ratio for each base net-
work and supranet combination. The relative error statis-
tics are processed as in the first experiment, and we obtain
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similar results: the 90-percentile of the Asymptotic Load
Ratio is within 10% of Network Load Ratio for p < 0.02.
For the above experiments we have also recorded the
time required to compute the Network Load Ratio and
Asymptotic Load Ratio for each pair of networks com-
pared. The average computation time has been measured
with the Unix code profiler prof on an 100MHz SGI work-
station. Table 1 displays the average computation times for
RAND and TS networks respectively. The difference in
computation time in favor of Asymptotic Load Ratio con-
firms the simplicity predicted at the end of Section 2.

Table 1: Comparison of computation times for Network
Load Ratio and Asymptotic Load Ratio

” “ RAND TS |
Network Load Ratio 103.927s | 129.676s
Asymptotic Load Ratio || 0.008 s 0.012s

In conclusion, we consider the Asymptotic Load Ratio
to be preferable to the Network Load Ratio for comparing
network performance for two reasons:

e The Asymptotic Load Ratio is empirically found to
give a good approximation (the 90-percentile of the
relative error is less than 0.12) for the relative per-
formance of two networks (the Network Load Ratio)
for a range of network blocking probability values
(p € (0,0.02)).

¢ The Asymptotic Load Ratio is very simple computa-
tionally (four orders of magnitude faster) compared to
the Network Load Ratio method.

4 Evaluating the Benefit of ATM Shortcuts
on Random Networks

In this section we study the sensitivity of the Asymp-
totic Loss Ratio (ALR) with respect to several topological
characteristics of the IP and ATM networks such as average
route (path) length or average node degree. For this pur-
pose we have performed simulation experiments where we
generate IP and ATM network topologies using the Geor-
gia Tech network generator [21]. We computed the net-
works’ topological characteristics and ALR, and derived
statistical dependencies of ALR on the networks” charac-
teristics.

The objective of these experiments is to generate pairs
of (IP and ATM) networks with realistic topologies. The
current overlayed IP/ATM networks exist mostly in the
Internet backbones (such as vBNS [8]). ATM backbone
topologies are expected to carry both telephone and data
traffic. Hence, we expect ATM networks to be designed

similar to telephone networks. Telephone networks back-
bones are “nearly fully connected” ([11], page 10): the av-
erage node degree is high and the average path length is
small. By contrast, IP networks (including backbones) are
usually “less connected”. Also, backbones usually have
a flat (non-hierarchical) topology. In our experiments we
generate networks with these observations in mind.

We generate random networks where a link is gen-
erated between two nodes with probability «. Thus,
« is a parameter that influences the “connectedness”
of the network. We generate ATM networks with
N4 € {16,32} nodes and with connectedness param-
eter aqa € {0.2,0.4,0.6,0.8}. We generate 10 ATM
networks for each combination of (N4, a4) values. All
links have capacity OC3 (155Mb/s). The IP net-
works are generated with Ny = ¢ * N4, where ¢ €
{0.25,0.5,0.75,1.0}, and using a connectedness parame-
ter ay € {0.25,0.5,0.75, 1} * 4. This produces 16 sets of
(Ny1,ay) values for each (N4, a4) pair, and we generate
10 IP networks for each set of (Nr, ay) values.

ATM network IP network

IP/ATM network
1

Figure 5: Overlaying an IP network over an ATM network

For each pair of ATM and IP networks, we overlay IP
over ATM by mapping IP nodes to ATM nodes and the IP
links to the shortest paths (hop count) in the ATM network
(see example in Figure 5). For each overlayed IP/ATM net-
work, the load consists of IP flows requesting reservations
of 100K'b/s between any pair of IP nodes with the same
intensity ¢ = ¢, Yk € K (¢ as defined in (2)). The IP
flows can be routed in two ways: one is over the shortest
path in the IP network following the path of each IP link
in the ATM network; the other is over the shortest path in
ATM network (i.e., using ATM shortcuts). For example,
in Figure 5 an IP flow between nodes 0 and 3 has route
0—1- 2~ 3ifrouted in IP, and route 0 — 6 — 3 if routed
in ATM (i.e., 0 — 6 — 3 is an ATM shortcut).

We evaluate the benefit of ATM shortcuts for each
IP/ATM overlayed network by computing the ALR for
each of the two ways of routing of IP flows. Also, for
each IP/ATM overlayed network, we compute the follow-
ing topological characteristics for each of the two ways of
routing of IP flows:

e N4 = the number of ATM nodes, [Ny = the number
of IP nodes (these are also ATM nodes);
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o By, By, the average degree = average number of links
connected to each node;

e C4, Cy, the normalized average degree, Cy =
Ba/N4,Cr = Br/Np;

o D4, Dy, the diameter = length of longest route;
e E 4, Ep, the average depth = average route length;

o [4, Fy, the number of biconnected components. Here
a biconnected component is a maximal set of edges
such that any two edges in the set are on a common
simple cycle.

Asympotic Load Ratio = f{nodes_atm/nodes_i p)

Table 2: Coefficient of correlation between Asymptotic
Load Ratio and various topological ratios

Coeff. of correlation
w.rt. ALR
(Na/Np) 0.232
(Ba/Br) 0.164
(Ca/Cr) 0.469
(D1/Dy) 0.610
(Er/E4) 0.672
(Fr/Fa) 0.622

Table 3: Coefficient of correlation between various topo-
logical ratios

2 wE o .

z [ [(C4/00) [ (0:1]Da) | (BijBa) | (Fi/Fw) |
8 ‘ (C4/Cr) || 1.000 0.791 0.746 | 0364

t wl ] (D;/DA) || 0791 1.000 0930 | 0.604

g (E;[Ea) || 0746 0030 1000 | 0.686

g s (Fi/Fa) | 0364 0.604 0.686 | 1.000

N I B
1 15 2 2.5 3 35 4

nodes_atm/nodes_ip

Figure 6: Asymptotic Load Ratio versus Node Ratio
Asymptotic Load Ratio = flave_depth_ip/ave_depth_atm)
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Figure 7: Asymptotic Load Ratio versus Average

Depth Ratio

In Figures 6 and 7, we display scatter plots of ALR as
a function of ratios of number of nodes and average depth
respectively, where each point represents an IP/ATM net-
work pair (we have 12800 points in each figure). We seek
to establish if ALR depends on any of these topological ra-
tios. First, we observe that the node ratio N 4 /N7 has little
influence on ALR (see Figure 6), whereas ALR is clearly
correlated with the ratio of average depth (see Figure 7).
In order to quantify the correlation, we present, in Table 2,
the coefficients of correlation between ALR and each of
the topological ratios. These values indicate a weak corre-
lation of ALR with respect to node ratio and average degree

ratio, and a significant correlation with respect to diameter
ratio, average depth ratio and number of bicomponents ra-
tio. The linear regression computed using the least square
error method is depicted by a line in Figure 7.

A further question to ask is what is the cumulative de-
pendence of ALR on diameter, average depth, normalized
average degree and number of bicomponents ratios. If
the parameters exhibited independent effects on ALR, we
could perform a multiple linear regression [7]. In Table 3
we present the coefficient of correlation between the four
topological ratios of interest. We observe a strong correla-
tion between the diameter ratio and the average depth ratio
(it is somewhat natural for them to be related, since the
diameter and average depth measure the maximum and av-
erage of the same set: the path lengths). Given this, we
can eliminate the diameter ratio from the multiple linear
regression. Consequently, we have computed the follow-
ing multiple linear regression:

ALR = 0.5+1.92%(E;/E4)+0.26%(Fr/F4)+0.08x(Ca/Cr)

We observe in the above regression that ALR has only a
weak dependence on the Normalized Average Degree Ra-
tio. By also observing in Table 3 a significant correlation
between Normalized Average Degree Ratio and Average
Depth Ratio, we conclude that we may drop it from the
multiple linear regression, which then becomes:

ALR = 0.5 + 2.0 * (E;/E4) + 0.25 % (F1 /F4)
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In conclusion, we observe the following trends regard-
ing the benefits of ATM shortcuts in TP/ATM networks:

¢ The network using ATM shortcuts is likely to accept
more IP flows than the network not using them pro-
vided the network not using shortcuts has a high aver-
age depth or large number of bicomponents.

e The ATM shortcut benefits are generally not influ-
enced by the number of nodes or the average degree of
the IP/ATM network, with or without ATM shortcuts.

5 Conclusion

In this paper we have considered the problem of evalua-
tion of benefit of ATM shortcuts in IP/ATM networks, i.c.,
the benefit of ATM routing of IP flows in ATM networks.
We proposed to measure the benefit of ATM shortcuts with
the Network Load Ratio, that expresses the increase in
the number of flows accepted by an IP/ATM network for
the same network blocking probability. We developed a
low complexity computation for Asymptotic Load Ratio,
which estimates the Network Load Ratio relatively well
(the 90-percentile of the relative error is less than 0.12) for
underload network conditions (network blocking probabil-
ity less than 0.02). An important result of this paper is a
methodology for comparing network performance, which
can be used to evaluate the benefit and tradeoff of ATM
shortcuts, and in the more general context of network de-
sign. We use this method in simulation experiments us-
ing random networks. These experiments indicate that in
many cases the utilization of an IP/ATM network increases
proportionally to the decrease in the average path length
when ATM shortcuts are used. We have also found that the
decrease in the number of biconnected components of the
IP/ATM network when using ATM shortcuts has also an
influence on the network utilization, although not as strong
as the average path length. Moreover, we have found that
there is almost no correlation between the increase in net-
work utilization (when using ATM shortcuts) and the IP to
ATM node ratio.

This work can be extended in several directions. First,
the conjecture that extends the Asymptotic Load Ratio to
networks with heterogeneous capacities is an open prob-
lem that needs to be proved. Second, the results and meth-
ods may also be extended to networks with alternate rout-
ing, flows with heterogeneous bandwidth requirements,
and multicast flows.
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