BEST-FIRST SEARCH
We found several ways to apply knowledge to the process of formulating a problem in terms of states and operators. Once we are given a well-defined problem, however, our options are more limited. If we plan to use the GENERAL-SEARCH algorithm from Chapter 3, then the only place where knowledge can be applied is in the queuing function, which determines the node to expand next. Usually, the knowledge to make this determination is provided by an evaluation function that returns a number purporting to describe the desirability (or lack thereof) of expanding the node. When the nodes are ordered so that the one with the best evaluation is expanded first, the resulting strategy is called best-first search. It can be implemented directly with GENERAL-SEARCH, as shown in Figure 4.1. The name "best-first search" is a venerable but inaccurate one. After all, if we could really expand the best node first, it would not be a search at all; it would be a straight march to the goal.
All we can do is choose the node that appears to be best according to the evaluation function. If the evaluation function is omniscient, then this will indeed be the best node; in reality, the evaluation function will sometimes be off, and can lead the search astray. Nevertheless, we will stick with the name "best-first search," because "seemingly-best-first search" is a little awkward. Just as there is a whole family of GENERAL-SEARCH algorithms with different ordering functions, there is also a whole family of BEST-FIRST-SEARCH algorithms with different evaluation functions. Because they aim to find low-cost solutions, these algorithms typically use some estimated measure of the cost of the solution and try to minimize it. We have already seen one such measure: the use of the path cost g to decide which path to extend. This measure, however, does not direct search toward the goal. In order to focus the search, the measure must incorporate some estimate of the cost of the path from a state to the closest goal state. We look at two basic approaches. The first tries to expand the node closest to the goal. The second tries to expand the node on the least-cost solution path.
Minimize estimated cost to reach a goal: Greedy search
One of the simplest best-first search strategies is to minimize the estimated cost to reach the goal. That is, the node whose state is judged to be closest to the goal state is always expanded first. For most problems, the cost of reaching the goal from a particular state can be estimated but cannot be determined exactly. A function that calculates such cost estimates is called a heuristic function, and is usually denoted by the letter h:
h(n) = estimated cost of the cheapest path from the state at node n to a goal state.
A best-first search that uses h to select the next node to expand is called greedy search, for reasons that will become clear. Given a heuristic function h, the code for greedy search is just the following:
function GREEDY-SEARCH(proWewi) returns a solution or failure
return BEST-FiRST-SEARCH(proWem, h)
Formally speaking, h can be any function at all. We will require only that h(ri) = 0 if n is a goal.
To get an idea of what a heuristic function looks like, we need to choose a particular problem, because heuristic functions are problem-specific. Let us return to the route-finding problem from Arad to Bucharest. The map for that problem is repeated in Figure 4.2. A good heuristic function for route-finding problems like this is the straight-line distance to the goal. That is,
hsLo(n) = straight-line distance between n and the goal location.
Notice that we can only calculate the values of HSLD if we know the map coordinates of the cities in Romania. Furthermore, hsio is only useful because a road from A to B usually tends to head in more or less the right direction. This is the sort of extra information that allows heuristics to help in reducing search cost.
Figure 4.3 shows the progress of a greedy search to find a path from Arad to Bucharest.
With the straight-line-distance heuristic, the first node to be expanded from Arad will be Sibiu, because it is closer to Bucharest than either Zerind or Timisoara. The next node to be expanded will be Fagaras, because it is closest. Fagaras in turn generates Bucharest, which is the goal. For this particular problem, the heuristic leads to minimal search cost: it finds a solution without ever expanding a node that is not on the solution path. However, it is not perfectly optimal: the path it found via Sibiu and Fagaras to Bucharest is 32 miles longer than the path through Rimnicu
Vilcea and Pitesti. This path was not found because Fagaras is closer to Bucharest in straight-line distance than Rimnicu Vilcea, so it was expanded first. The strategy prefers to take the biggest bite possible out of the remaining cost to reach the goal, without worrying about whether this will be best in the long run—hence the name "greedy search." Although greed is considered one of the seven deadly sins, it turns out that greedy algorithms often perform quite well. They tend to find solutions quickly, although as shown in this example, they do not always find the optimal solutions: that would take a more careful analysis of the long-term options, not just the immediate best choice.
Greedy search is susceptible to false starts. Consider the problem of getting from lasi to Fagaras. The heuristic suggests that Neamt be expanded first, but it is a dead end. The solution is to go first to Vaslui—a step that is actually farther from the goal according to the heuristic—and then to continue to Urziceni, Bucharest, and Fagaras. Hence, in this case, the heuristic causes unnecessary nodes to be expanded. Furthermore, if we are not careful to detect repeated states, the solution will never be found—the search will oscillate between Neamt and lasi.
Greedy search resembles depth-first search in the way it prefers to follow a single path all the way to the goal, but will back up when it hits a dead end. It suffers from the same defects as depth-first search—it is not optimal, and it is incomplete because it can start down an infinite path and never return to try other possibilities. The worst-case time complexity for greedy search is O(bm~), where m is the maximum depth of the search space. Because greedy search retains all nodes in memory, its space complexity is the same as its time complexity. With a good heuristic function, the space and time complexity can be reduced substantially. The amount of the reduction depends on the particular problem and quality of the h function.
Minimizing the total path cost: A* search
Greedy search minimizes the estimated cost to the goal, h(n), and thereby cuts the search cost considerably. Unfortunately, it is neither optimal nor complete. Uniform-cost search, on the other hand, minimizes the cost of the path so far, g(ri); it is optimal and complete, but can be very inefficient. It would be nice if we could combine these two strategies to get the advantages of both. Fortunately, we can do exactly that, combining the two evaluation functions simply by summing them:
f(n) = g(n) + h(n).
Since g(n) gives the path cost from the start node to node n, and h(ri) is the estimated cost of the cheapest path from n to the goal, we have /(«) = estimated cost of the cheapest solution through n
Thus, if we are trying to find the cheapest solution, a reasonable thing to try first is the node with the lowest value off. The pleasant thing about this strategy is that it is more than just reasonable.
We can actually prove that it is complete and optimal, given a simple restriction on the h function. The restriction is to choose an h function that never overestimates the cost to reach the goal. Such an h is called an admissible heuristic. Admissible heuristics are by nature optimistic, because they think the cost of solving the problem is less than it actually is. This optimism transfers to the/ function as well: Ifh is admissible, f ( n ) never overestimates the actual cost of the best solution through n. Best-first search using/ as the evaluation function and an admissible h function is known as A* search
function A*-SEARCH( problem) returns a solution or failure
return BEST-FlRST-SEARCH(/?roWem,g + h)
Perhaps the most obvious example of an admissible heuristic is the straight-line distance that we used in getting to Bucharest. Straight-line distance is admissible because the shortest path between any two points is a straight line. In Figure 4.4, we show the first few steps of an A* search for Bucharest using the hSLD heuristic. Notice that the A* search prefers to expand from Rimnicu Vilcea rather than from Fagaras. Even though Fagaras is closer to Bucharest, the path taken to get to Fagaras is not as efficient in getting close to Bucharest as the path taken to get to Rimnicu. The reader may wish to continue this example to see what happens next.
