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Abstract. Networks of Workstations (NOWs) are usually arranged as
a set of interconnected switches with hosts connected to switch ports
through interface cards. Several commercial interconnects for high-speed
NOWs use up*/down* routing. Every time the network is powered on
or the topology is changed, a con�guration algorithm is executed, which
provides information about the topology and generates a directed graph.
Routing tables are computed from this directed graph. There are sev-
eral ways to obtain the directed graph. The most frequent way is by
means of algorithms based on minimum-depth spanning-trees (MDST)
or propagation-order spanning-trees (POST). This paper shows that, for
most networks, graphs obtained by means of these methods can be im-
proved in order to achieve higher network performance.

1 Introduction

High-speed NOWs, like Autonet [14], Myrinet [1] and Servernet [9], provide an
inexpensive alternative for building parallel computers with high communica-
tion bandwidth and reduced latency. These networks usually consist of a set
of switches connected by point-to-point links, and of hosts linked to switches
through a network interface card (NIC).

Up*/down* routing is broadly used for routing in high-speed NOWs [14, 1].
However, it is well known that the performance of up*/down* routing is strongly
dependent on the network topology [10]. The generation of up*/down* routing
tables requires the construction of a directed graph by assigning directions to the
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operational links in the network. As we will see later, this direction assignment
has a strong impact on network throughput.

There are several ways of assigning link direction through the construction
of a directed graph: minimum-depth spanning-tree (MDST) [14], propagation-
order spanning-tree (POST) [12], etc. This paper shows that these methods
do not produce the best graph, and that it is possible to �nd a link direction
assignment that makes the network achieve a higher throughput.

Our main goal is to compare the behavior of directed graphs generated by
traditional methods with the behavior of the best directed graph that we can
obtain.

In Section 2 we describe the up*/down* routing algorithm used by Autonet
and Myrinet as well as two methods used by Autonet to obtain the directed
graph: MDST and POST. Section 3 presents an example that shows how perfor-
mance can be improved and presents a genetic algorithm that searches for the
best possible directed graph for a given network. Section 4 compares the perfor-
mance of the network when using the traditional approach and when using the
optimized directed graph.

2 Background

2.1 Up*/down* Routing and Correct Graphs

Up*/down* routing [14] is a partially adaptive deadlock-free routing algorithm
suitable for regular and irregular topologies [7]. Up*/down* routing requires
assigning a direction to all the links of the network. In every link, a direction is
named up and the opposite one is named down. Legal routes never use a link in
up direction after having used one in down direction, in order to avoid deadlocks.
Messages can cross zero or more links in up direction, followed by zero or more
links in down direction. By doing so, cycles in the channel dependency graph [5]
are eliminated and deadlock is avoided.

In order to use up*/down* routing, the directed graph which represents the
link direction assignment must satisfy some properties [3, 2]. A graph satisfying
those properties will be referred to as a correct graph. Those properties are the
following:

1. A root node is a node in a directed graph that is not the source of any
arc. The up*/down* routing algorithm requires the existence of a single
root node in the graph. The reason is that there are no up*/down* legal
routes between two root nodes, since each possible route requires down to up
transitions. This restriction is required for the routing algorithm to provide
paths between any pair of nodes.

2. The graph must be acyclic to avoid deadlock.

Thus, every link direction assignment leading to an acyclic directed graph
that contains a single root node is a correct graph. It is important to remark
that no more restrictions are imposed on the directed graph. Therefore, several
correct directed graphs can be obtained starting from the same topology.



2.2 MDST and POST Directed Graphs

As mentioned above, the generation of up*/down* routing tables requires the
construction of a correct directed graph of the network in which nodes are the
active network switches and arcs are the links among switches. Two of the meth-
ods used for obtaining this directed graph are minimum-depth spanning-tree
(MDST) [14] and propagation-order spanning-tree (POST) [12].

Both methods are based on the execution of a distributed algorithm that
builds a spanning-tree from the network graph. Starting from this spanning-tree,
the algorithm assigns directions to all the links of the network. In particular, the
\up" end of each link is de�ned as: 1) the end whose switch is closer to the root
in the spanning-tree; 2) the end whose switch has the lower identi�er (id), if both
ends are at switches at the same tree level. The MDST and POST methodologies
are based on a breadth-�rst searching methodology [12].

On the one hand, MDST produces the minimum-depth spanning-tree of the
network, where the root node is the switch with the lowest id and the rest of
switches are assigned positions in the tree that provide the shortest distance to
the root. If there are several positions that provide the shortest distance to the
root, then the one provided by the switch with the lowest id is selected. Thus, it
is possible to guarantee that there is only one possible minimum-depth spanning-
tree for a network topology and an accompanying identi�er assignment.

Figure 1 shows a network topology and the id for each switch. The resulting
directed graph using MDST is shown in Figure 2. Note that the link between
Node 14 and Node 10 is the only one that does not belong to the spanning-tree.
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Fig. 1. An example of irregular network

On the other hand, POST chooses as the root node of the spanning-tree the
switch that detects the change in the topology and starts the recon�guration
process. This node is called the initiator. The initiator sends messages to its
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Fig. 2. Directed graph for the network in Figure 1 obtained by using MDST method
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Fig. 3. Directed graph for the network in Figure 1 obtained by using POST method



neighboring switches. When a switch receives a control message, it join the tree
and propagates new control messages to its own neighboring switches (the switch
that sent it the incoming message is omitted). In this way, the switches will join
the tree as soon as they receive messages from other switches.

Note that the resulting spanning-tree depends on the initiator switch, but
also on the propagation order of the recon�guration process through the network.

Figure 3 shows a possible directed graph for the network shown in Figure 1
using POST and assuming that the initiator is Node 14.

3 Improving Network Performance

As we will see in Section 4, network throughput has a direct relationship with
the directed graph used to build the up*/down* routing tables. In other words,
network throughput will be determined by the direction assigned to the network
links.

Figure 4a shows a network with a link direction assignment provided by the
MDST method. The up*/down* routing rules lead to a bottleneck at Node 0
(the root node of the tree), because messages are not allowed to cross Node 3
in order to move from the right subtree to the left one, and vice versa. If we
change the direction of link 1 (see Figure 4b), we might achieve an improvement
in network throughput of about 100%. The reason is that now messages can also
cross from one subnetwork to the other through Node 3.

If we study the directed graph generated by Autonet, we will see that in
most cases it is not the one that achieves the highest network throughput. Our
purpose is to determine how suboptimal the directed graph obtained by MDST
and POST is, comparing the resulting network performance with that obtained
by using the best possible directed graph.

Each possible graph can be obtained from another graph by changing the di-
rection of some links of the network. Therefore, the number of possible variations
for a certain network is Ng = 2links, where links is the number of links in the
network and the number of correct graphs is Nc = 2links - fincorrect graphsg.
The number of incorrect graphs is much smaller than the number of correct
ones. Thus, even for a relatively small network with a few links, the number
of directed graphs to study is too high to recommend the use of an exhaustive
search method.

3.1 Genetic Algorithms

Genetic Algorithms (GAs) [8] are adaptive methods used to solve search and
optimization problems in wide or complex spaces. They are based on the genetic
behavior of the living beings and the natural evolution and the adaptation of
these beings alongside successive generations. We will make use of GAs to search
for the best (or near-optimal) possible directed graph.

GAs work with a population of t individuals, where each one represents a
feasible solution to the given problem. An adaptation value is associated to each
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Fig. 4. An example of throughput improvement by changing only the direction of link
1

individual, which indicates its capacity to survive. The individuals of a gener-
ation that better adapt to the requirements of the problem will have a higher
probability of surviving and reproducing in the following generation than the
worse adapted individuals. This reproduction leads to the perpetuation of their
genes in substitution for the genes of the weakest individuals. Thus, the individ-
uals of next generations will be better and better adapted to the conditions of
the problem.

Each individual is represented by means of a chain of values, or chromosome,
which contains the necessary information to encode the values for the important
problem parameters. When the reproduction of the best adapted individuals
for a generation takes place, a series of genetic operators are applied to their
chromosomes. The most usual genetic operators are: cross, which picks up two



parents and mixes their chromosomes starting from a randomly generated gene
or position, and mutation, which consists of randomly alterating some of the par-
ent's genes. The individuals that are born in generation i are evaluated together
with the survivors of generation i�1 and, amongst them, the best adapted ones
will reproduce to give rise to generation i+ 1.

3.2 GAs and NOWs

In our research, we will consider each possible correct directed graph as individ-
uals belonging to the same population. Individuals of the same population will
then be distinguished from each other according to the direction of their links.

The form in which a directed graph is encoded in the chromosome for its
later treatment has a great importance, and it must be unique. We represent a
link between nodes i and j (i < j) with a gene in the chromosome, being equal
to 1 if the link from node i to node j is in the up direction, and equal to 0 if it
is in the down direction. The place that each link occupies in the chromosome
is called a locus and it is de�ned by assigning a number to the links, beginning
from port 0 of Node 0 and continuing in increasing order. Note that links are
numbered only the �rst time they are evaluated. Therefore, their locus is �xed.
Figure 5 shows an example of link numbering and the associated chromosome.
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Fig. 5. An example encoding of the network (a) in the chromosome (b). Small numbers
next to each node represent port numbers

The way in which we measure the adaptation of the individuals of a gener-
ation is by using the throughput achieved by the routing algorithm that they
represent. Throughput is de�ned as the maximum amount of information that
the network is able to transmit per unit of time. We obtain this value by simu-
lation.



Two important parameters for the GA are the number of individuals in a
generation, and how many of them die in order to give way to the following
generation. We have seen that the best results are obtained by considering a
population of 12 individuals in which the four worst adapted die. Four new
individuals will be born in the next generation by applying the genetic opera-
tors cross and mutation to the two best individuals of the current generation.
Obviously, these new individuals must represent correct graphs.

4 Performance Evaluation

In this section, we show the results of our comparison. We have evaluated the
performance of MDST and POST directed graphs and the performance of the
directed graph obtained using the GA described in the previous section through
the evaluation of the associated up*/down* routing algorithm.

GAs have an inherent non-determinism. For this reason, we have evaluated
how stable the results provided by them are. To achieve it, we have obtained the
entire set of possible correct directed graphs for several small networks (with 8
switches). For each topology, the directed graph provided by the GA obtained
the best throughput.

Simulation was used to evaluate network performance. Our simulators model
the network at the phit1 level. The evaluation methodology used is based on the
one proposed in [6].

4.1 Network Model

The network consists of a set of switches as well as hosts connected to them. We
used a set of irregular randomly generated topologies. Also, we have evaluated
hierarchical topologies like the example in Figure 4. We have evaluated networks
with 8, 16, 24, 32, 48, and 64 switches.

4.2 Packet Generation

We have considered uniform traÆc. Message destination is randomly chosen
amongst all the hosts in the network, and the average generation rate is con-
stant and the same for all the hosts. For packet length, 16-byte and 64-byte
packets were considered. Nevertheless, we have found that packet length does
not signi�cantly a�ect the relative performance of the routing algorithms com-
puted from di�erent directed graphs. Thus, we will only show the results for
short packets.

1 Unit of information that can be transferred across a physical channel in a single step
or cycle.



4.3 Simulation Results

As indicated above, we use network throughput to evaluate the optimality of
the directed graph. Tables 1a, 1b, 1c, and 1d show the throughput achieved by
several networks of size 8, 16, 24, and 32 switches, respectively. First, we can see
that the throughput obtained when using our GA is always equal to or greater
than that obtained by using the other methods. For networks with 8 switches,
there is no di�erence. However, for larger networks, we can observe increments of
50%, 60%, and even 80% in network throughput. For networks with 48 switches
we have obtained increments of up to 24% with respect to MDST and up to 80%
with respect to POST, and for networks with 64 switches the increment reaches
58% with respect to MDST and 78% with respect to POST.

We have also evaluated the average message latency versus traÆc for some
networks with 24, 32, and 64 switches. Figures 6, 7, and 8 show the results.
As can be observed, in all the cases the routing algorithm obtained using GAs
reduces latency and increases throughput with respect to the MDST and POST
methods.

Network MDST POST GA

A 0.469 0.468 0.469
B 0.469 0.468 0.469
C 0.469 0.468 0.469
D 0.328 0.328 0.328
E 0.328 0.328 0.328

(a) 8 switches

Network MDST POST GA

A 0.180 0.183 0.203
B 0.180 0.175 0.180
C 0.469 0.412 0.469
D 0.406 0.329 0.469
E 0.328 0.295 0.359
F 0.203 0.223 0.328
G 0.203 0.199 0.234

(b) 16 switches

Network MDST POST GA

A 0.164 0.185 0.297
B 0.148 0.148 0.234
C 0.180 0.161 0.203
D 0.164 0.141 0.164
E 0.117 0.117 0.133
F 0.133 0.122 0.133
G 0.117 0.117 0.117
H 0.203 0.157 0.234
I 0.133 0.151 0.203

(c) 24 switches

Network MDST POST GA

A 0.102 0.096 0.102
B 0.102 0.102 0.133
C 0.102 0.100 0.102
D 0.148 0.190 0.328
E 0.234 0.228 0.469
F 0.180 0.245 0.406
G 0.180 0.226 0.359
H 0.297 0.249 0.406
I 0.234 0.252 0.406
J 0.203 0.237 0.359

(d) 32 switches

Table 1. Throughput for several irregular networks with 8, 16, 24, and 32 switches
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Fig. 6. Average message latency versus traÆc for an irregular network with 24 switches
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Fig. 7. Average message latency versus traÆc for an irregular network with 32 switches
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Fig. 8. Average message latency versus traÆc for an irregular network with 64 switches



We have analyzed the directed graphs obtained by MDST, POST and GAs.
The performance improvement obtained by using GAs comes from a reduction in
the number of routing restrictions required to avoid deadlock. In those cases that
does not exist any better set of routing restrictions, all the strategies obtained
the same results.

5 Related Work

Two approaches that improve performance by obtaining a better directed graph
are proposed in [10, 13]. The former is suitable for regular topologies and is based
on a previous appropriate assignment of switch identi�ers (id). The latter is
suitable for general topologies including irregular ones. In this case, the directed
graph requires the previous generation of a deep-�rst tree (DFT), instead of a
breadth-�rst spanning-tree, like MDST or POST.

Another deadlock-free routing schemes have been proposed for NOWs, like
the adaptive-trail routing algorithm [11], the minimal adaptive routing [15], and
the smart-routing [4].

6 Conclusions

In this paper we have shown that changing the direction of some links in the di-
rected graph used for up*/down* routing has a signi�cant impact on the through-
put achieved by the network. We conclude that there are correct graphs that o�er
a higher network throughput than the graphs generated by usual methods, such
as MDST and POST, which are used in Autonet and Myrinet. Also, di�erences
in network performance for GA, MDST and POST increase with network size.

In order to obtain the best possible directed graph, we have used a search
and optimization tool based on genetic algorithms, which are a very good choice
when the search space is wide and complex. We have de�ned a representation of
the NOWs for the GA. Also, we have used throughput as the adaptation metric.

7 Future Work

Obviously, GAs are not suitable for computing routing tables during a recon-
�guration process due to the very high computational cost. As future work, we
plan to study the best networks obtained, and try to characterize them. We will
attempt to propose an eÆcient design methodology that obtains the best graph
when a recon�guration takes place, thus maximizing network throughput.
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