Improving the Performance of Log-Structured File Systems With Adaptive Methods

Jeanna Neefe Matthews, Randolph Y . Wang, Drew S. Roselli, and Thomas E. Anderson

Research has demonstrated that a log-structured file system (LFS) can offer superior performance for many common workloads (frequent small writes, read traffic which is predominantly absorbed by the cache, and sufficient idle time to clean the log). However, researchers have also pointed out that LFS has poor performance in a number of cases (e.g., random updates to a full disk with little idle time to clean). This has led some to conclude that LFS is a “brilliant but flawed” idea. We are studying ways to modify LFS to provide high performance across a wider range of workloads, even those which were previously problematic. More generally, we are studying file systems with the potential to adapt themselves to any workload.

Two major problem areas for LFS are (i) the cost of garbage collecting or cleaning the log and (ii) disk read performance. As the disk becomes nearly full, LFS garbage collection costs can become extremely high. Similarly, LFS can have relatively poor read performance, since related disk blocks (such as for files in the same directory) can land in completely different parts of the log. To address the first problem, we present an adaptive garbage collection policy which performs nearly as well as traditional file systems at extremely high disk utilization and as well as the traditional LFS cleaning algorithm at lower utilizations. Second, we extend traditional LFS cleaning to dynamically reorganize data to improve read performance. Using trace-driven simulations on a combination of synthetic and measured workloads, we have obtained encouraging initial results which demonstrate the value of these modifications.

Traditional LFS cleaning performs well at low disk utilizations where segments have a chance to become relatively empty before they have to be cleaned. However, at high disk utilizations, the cost of cleaning can skyrocket. When the disk is very full, segments do not have a chance to empty before they must be cleaned. As a result, in order to coalesce one free segment’s worth of space, the cleaner must process many almost full segments. Each segment must be read and then all but the few holes must be rewritten into a new segment. Wilkes et al presented an alternative garbage collection mechanism called hole-plugging which frees segments by placing their live blocks into the holes of other segments. Hole-plugging relieves the problem at high disk utilizations because in order to produce one free segment’s worth of space, it need only process one segment. However, at lower disk utilizations, it is more expensive than traditional LFS cleaning because it requires many small block writes, one for each hole plugged, rather than a few large segment writes. We propose an adaptive approach which, when free space is needed, estimates the cost/benefit of both cleaning and holeplugging and chooses the least expensive approach for the current workload. Using trace-driven simulations on a worst case, random update workload, we have demonstrated that this policy can avoid the skyrocketing write costs at high disk utilization while still maintaining the benefits of traditional LFS cleaning at low disk utilizations. We are also extending the hole-plugging mechanism by evaluating policies for choosing which segments to free and which holes to fill.

In order to address the problem of poor read performance when read patterns do not match write patterns, we propose a dynamic read reorganization scheme. We attempt to find an optimal data layout based on past access patterns. To accomplish this, we first build a file access graph, similar to the one proposed by Griffioen and Appleton. Each node in the graph represents a file block. An edge connecting node A and node B denotes that an access to block B immediately follows one to block A. The edges are weighed by the number of corresponding accesses. We are able to limit the amount of storage needed for this graph by limiting the number of outgoing edges and pruning them in LRU order. Most nodes have only a few neighbors which fit comfortably in our limit; some nodes have many neighbors, but in that case, it becomes less important to accurately record them all. Once we have captured the file system events in the access graph, the next challenge is to find a disk layout strategy that will optimize for the observed usage pattern. Such a layout strategy will attempt to place blocks that are frequently accessed together close to one another in order to minimize seek and rotational delays. We observe that this is an application of the more general irregular graph partitioning problem. More specifically, we must partition the file access graph into some number of roughly equal parts, such that the number of edges connecting nodes in different parts is minimized. Although the general problem is NP-complete, there exist many heuristic solutions in the literature. Partitioning of the file access graph allows us to identify the data blocks that should be located near each other. For each partition, we consider the current disk locations of the partition members and their corresponding access costs, the new access costs of the partition members if they were brought together by the data reorganizer, the cost of reorganizing the partition, and the likelihood that the partition will be accessed again. Based on this information, we decide which partitions would be the most beneficial to reorganize. The actual reorganization occurs at convenient times, such as idle periods or when the partition is brought into memory.