unique; other trees with the same path lengths may exist. The goal of all routing
algorithms is to discover and use the sink trees for all routers.

(a) (b)
Fig. 5-5.(a) A subnet. (b} A sink tree for router B.

Since a sink tree is indeed a tree, it does not contain any loops, so each packet
will be delivered within a finite and bounded number of hops. In practice, life is
not quite this easy. Links and routers can go down and come back up during
operation, so different routers may have different ideas about the current topol-
ogy. Also, we have quietly finéssed the issue of whether each rounter has to indivi-
dually acquire the information on which to base its sink tree computation, or
whether this information is collected by some other means. We will come back to
these issues shortly. Nevertheless, the optimality principle and the sink tree pro-
vide a benchmark against which other routing algorithms can be measured.

In the next three sections, we will look at three different static routing algo-
rithms. After that we will move on to adaptive ones.

5.2.2. Shortest Path Routing

Let us begin our study of routing algorithms with a technique that is widely
used in many forms because it is simple and easy to understand. The idea is to
build a graph of the subnet, with each node of the graph representing a router and
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Fig. 5-6. The first five steps used in computing the shortest path from A to D
The arrows indicate the working node.

However, many other metrics are also possible besides hops and physical dis-
tance. For example, each arC could be labeled with the mean queueing and
tandard test packet as determined by hourly test

transmission delay for some 8§
runs. With this graph labeling, the shortest path is the fastest path, rather than the

path with the fewest arcs or kilometers.
In the most general case, the labels on the arcs could be computed as a func-

tion of the distance, bandwidth, average traffic, communication cost, mean queue
length, measured delay, and other factors. By changing the weighting function,
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the algorithm would then compute the “shortest’” path measured according to any
one of a number of criteria, or a combination of criteria.

Several algorithms for computing the shortest path between two nodes of a
graph are known. This one is due to Dijkstra (1959). Each node is labeled (in
parentheses) with its distance from the source node along the best known path.
Initially, no paths are known, so all nodes are labeled with infinity. As the algo-
rithm proceeds and paths are found, the labels may change, reflecting better paths.
A label may be either tentative or permanent. Initially, all labels are tentative.
When it is discovered that a label represents the shortest possible path from the
source to that node, it is made permanent and never changed thereafter.

To illustrate how the labeling algorithm works, look at the weighted,
undirected graph of Fig. 5-6(a), where the weights represent, for example, dis-
tance. We want to find the shortest path from A to D. We start out by marking
node A as permanent, indicated by a filled in circle. Then we examine, in turn,
each of the nodes adjacent to A (the working node), relabeling each one with the
distance to A. Whenever a node is relabeled, we also label it with the node from
which the probe was made, so we can reconstruct the final path later. Having
examined each of the nodes adjacent to A, we examine all the tentatively labeled
nodes in the whole graph and make the one with the smallest label permanent, as
shown in Fig. 5-6(b). This one becomes the new. working node.

We now start at B, and examine all nodes adjacent to it. If the sum of the
label on B and the distance from B to the node being considered is less than the
label on that node, we have a shorter path, so the node is relabeled. '

After all the nodes adjacent to the working node have been inspected and the
tentative labels changed if possible, the entire graph is searched for the tentatively
labeled node with the smallest value. This node is made permanent and becomes
the working node for the next round. Figure 5-6 shows the first five steps of the
algorithm.

To see why the algorithm works, look at Fig. 5-6(c). At that point we have
just made E permanent. Suppose that there were a shorter path than ABE, say
AXYZE. There are two possibilities: either node Z has already been made per-
manent, or it has not been. If it has, then E has already been probed (on the round
following the one when Z was made permanent), so the AXYZE path has not
escaped our attention.

Now consider the case where Z is still tentatively labeled. Either the label at
Z is greater than or equal to that at E, in which case AXYZE cannot be a shorter
path than ABE, or it is less than that of E, in which case Z and not E will become
permanent first, allowing E to be probed from Z.

This algorithm is given in Fig. 5-7. The only difference between the program
and the algorithm described abave is that in Fig. 5-7, we compute the shortest path
starting at the terminal node, , rather than at the source node, s. Since the shortest
path from ¢ to s in an undirected graph is the same as the shortest path from 5 o 4,
it does not matter at which end we begin (unless there are several shortest paths,
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in which case reversing the scarch might discover a different one). The reason for
searching backward is that each node is labeled with its predecessor rather than its
successor. When copying the final path into the output variable, path, the path is
thus reversed. By reversing the search, the two effects cancel, and the answer is
produced in the correct order.

5.2.3. Flooding

Another static algorithm is flooding, in which every incoming packet is sent
out on every outgoing line except the one it arrived on. Flooding obviously gen-
erates vast numbers of duplicate packets, in fact, an infinite number unless some
measures arc taken to damp the process. One such measure is to have a hop
counter contained in the header of each packet, which is decremented at each hop,
with the packet being discarded when the counter reaches zero. ldeally, the hop
counter should be initialized to the length of the path from source to destination.
If the sender does not know how long the path is, it can initialize the counter to
the worst case, namely, the full diameter of the subnet.

An alternative technique for damming the flood is to keep track of which
packets have been flooded, to avoid sending them out a second time. One way to
achieve this goal is to have the source router put a sequence number in each
packet it receives from its hosts. Each router then needs a list per source router
telling which sequence numbers originating at that source have already been seen.
If an incoming packet is on the list, it is not flooded.

To prevent the list from growing without bound, each list should be aug-
mented by a counter, k, meaning that all sequence numbers through & have been
seen. When a packet comes in, it is easy to check if the packet is a duplicate; if
80, it is discarded. Furthermore, the full list below k is not needed, since k effec-
tively summarizes it.

A variation of flooding that is slightly more practical is selective flooding. In
this algorithm the routers do not send every mcommg packet out on every line,
only on those lines that are going approximately in the right direction. There is
usually little point in sending a westbound packet on an eastbound line unless the
topology is extremely peculiar.

Flooding is not practical in most applications, but it does have some uses. For
example, in military applications, where large numbers of routers may be blown
to bits at any instant, the tremendous robustness of flooding is highly desirable. In
distributed database applications, it is sometimes necessary to update all the data-
bases concurrently, in which case flooding can be useful. A third possible use of
flooding is as a metric against which other routing algorithms can be compared.
Flooding always chooses the shortest path, because it chooses every possible path
in parallel. Consequently, no other algorithm can produce a shorter delay (if we
ignore the overhead generated by the flooding process itself).
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#define MAX_NCDES 1024 /* maximum number of nodes */

#define INFINITY 1000000000 /* a number larger than every maximum path +/

int n, dist[MAX_NODES][MAX_NODES];/* dist[il[i] is the distance from i to j */
void shortest_path(int s, int t, int path[])

{ struct state { /* the path being worked on */
int predecessor, /+ previous node */
int lengih; /* [ength from source to this node */

enum {permanent, tentative} label; /* label state */
} state] MAX_NODES];
int i; k, min;
struct state *
for (p = &state’[O]; p< &state[n]§ p++) { /* initialize state */
p->predecessor = ~1;
p->length = INFINITY;
p->label = tentative;

state[t].Jength = 0; state[t].label = permanent;

k=t /* k is the initial working node */
do { /* Is there a better path from k? */
for (i =0; i< n; i++) /* this graph has n nodes */

if {dist[k[i] 1= 0 && state[i].label == tentative) {
if {state[k].length + dist[k][i] < stateli].length) {
state[i].predecessor = k;
state[i].length = state[k].length + dist[k][i];
y ‘
}

/* Find the tentatively labeled node with the smallest label. */
k = 0; min = INFINITY;
for (i=0;i<n;i++)
if (state[i].label == tentative && state[i].length < min) {
min = state[i].length;
k=i

state[kl.label = permanent;
} while (k !=s);

/* Copy the path into the output array. */
i=0; k=5
do {pathli++] = k; k = state[k].predecessor; } whife (k >= 0);

}

Fig. 5-7. Dijkstra’s algorithm to compute the shortest path through a graph.
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