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Abstract

As the processor-memory performance gap continues to widen, application performance becomes
increasingly limited by the memory system. Applications that employ linked data structures (LDSs) are
particularly challenging from the standpoint of the memory system because of the memory serialization
effects associated with indirect memory addressing. Also known as the pointer chasing problem, such
memory serialization effects prevent latency tolerance techniques from overlapping the cache misses
suffered along a chain of indirect memory references. Consequently, latency tolerance techniques are
limited in their ability to tolerate the latency of cache misses arising from pointer chasing.

While pointer-chasing is inherently sequential, pointer-chasing computations typically traverse mul-
tiple pointer chains in an independent fashion. Such independent pointer-chasing traversals represent a
large source of memory parallelism. This paper explores the possibility of exploiting such memory par-
allelism for the purposes of memory latency tolerance. First, we present a memory scheduling algorithm
that computes a prefetch schedule from an LDS traversal specification that overlaps serialized memory
fetches across multiple pointer-chasing traversals. Second, we present a prefetch engine architecture
capable of traversing LDSs. Our prefetch engine issues prefetches according to the prefetch schedule,
thus exploiting the memory parallelism uncovered by our scheduling algorithm. Finally, we conduct an
experimental evaluation of our prefetching technique on four pointer-chasing applications. Our results
show multi-chain prefetching increases performance between 52% and 78%. However, early initiation of
prefetches causes prefetch buffer thrashing, thus limiting further increases in performance. Additional
simulations show that prefetch buffer thrashing can be eliminated in some cases by using a larger prefetch
buffer and by reducing the conservative prefetch distances computed by our scheduling algorithm.

1 Introduction

Prefetching has proven successful at hiding memory latency for applications that employ regular data struc-
tures (e.g. arrays). Unfortunately, conventional prefetching techniques are far less successful for pointer-
intensive applications due to the memory serialization effects associated with linked data structure (LDS)
traversal, known as the pointer chasing problem. The memory operations performed for array traversal can
issue in parallel because individual array elements can be referenced independently. In contrast, the memory
operations performed for LDS traversal must dereference a series of pointers, a purely sequential operation.
The lack of memory parallelism prevents conventional prefetching techniques from overlapping cache misses

suffered along a pointer chain, thus limiting their effectiveness for pointer-intensive applications.

Recently, researchers have begun investigating novel prefetching techniques for LDS traversal [2, 8, 7, 5, 4].
These new techniques address the pointer-chasing problem using one of two different approaches. Techniques

in the first approach [2, 8, 4], which we call jump pointer techniques, insert additional pointers into the LDS



to connect non-consecutive link elements. These “jump pointers” allow prefetch instructions to name link
elements further down the pointer chain without sequentially traversing the intermediate links. Consequently,
jump pointer techniques create memory parallelism for overlapping the cache misses suffered along a single
chain of pointers. Techniques in the second approach [7, 5, 4], which we call stateless technigues, perform
prefetching using only the natural pointers belonging to the LDS, and thus do not require additional state
for prefetching. Existing stateless techniques prefetch pointer chains sequentially, and do not exploit any
memory parallelism (or they exploit only limited forms of memory parallelism [7]). Instead, they schedule
each prefetch as early in the loop iteration as possible to maximize the amount of work available for memory

latency overlap.

Because of their ability to exploit memory parallelism, jump pointer techniques achieve higher levels of
performance over a wider class of applications as compared to existing stateless techniques. Current stateless
techniques can effectively tolerate memory latency only when the loops (or recursive functions) used to
traverse the LDS contain sufficient work to hide the serialized memory latency. Unfortunately, preliminary
studies show that several important pointer-chasing applications consist mostly of traversal loops with small
amounts of work [2]. However, jump pointer techniques are burdened with the creation and management
of the prefetch state. The creation of jump pointers incurs runtime and memory overhead proportional to
the size of the LDS. In addition, jump pointer techniques become less effective for applications with highly
adaptive data structures since frequent inserts and deletes of link elements perturb the jump pointers. While
the jump pointers can be modified as the LDS changes, this incurs additional runtime overhead. Finally,
and perhaps most important, jump pointer techniques are intrusive. They require modification of the code’s
data structures, and insertion of jump pointer creation and management code. These transformations are

complex and difficult to automate. Stateless techniques do not suffer from these drawbacks.

In this paper, we propose a new stateless prefetching technique called multi-chain prefetching. Like
existing stateless techniques, our technique prefetches a single chain of pointers sequentially; however, we
schedule the initiation of the chain of prefetches prior to the code that traverses the chain, thus overlapping
a portion of the serialized memory latency with pre-loop work. A scheduling algorithm ensures that prefetch
chains are initiated sufficiently early to tolerate all the memory latency. As prefetch chains are scheduled
increasingly early to accomodate long pointer chains, overlap occurs between multiple independent prefetch
chains, thus creating memory parallelism across pointer chains that are traversed by separate loops or
recursive function calls. Because such multi-chain overlap can be irregular, we rely on a prefetch engine to

pursue independent pointer chains outside of the main CPU.

Multi-chain prefetching provides certain advantages over existing pointer prefetching techniques. Since
multi-chain prefetching is stateless, it does not require code transformations to create and manage prefetch
state as needed by jump pointer techniques, nor does it incur the runtime and memory overheads associated

with the same. However, unlike existing stateless techniques, multi-chain prefetching more aggressively
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Figure 1: Overlapping pointer-chasing chains. a). Initiate prefetching of pointer chain prior to traversal
loop. b). Exploit memory parallelism between independent pointer-chasing traversals.

schedules the prefetch of serialized memory latency. Consequently, multi-chain prefetching can effectively

tolerate memory latency even when the traversal loops contain very little work.

The rest of this paper is organized as follows. Section 2 further explains the essence of our approach.
Section 3 describes the scheduling algorithm to properly schedule the initiation of prefetch chains. Section 4
describes the prefetch engine support for our technique, and Section 5 presents experimental results. Finally,

Section 6 presents the conclusions of the paper.

2 Multi-Chain Prefetching

To illustrate the key idea behind multi-chain prefetching, consider a linked list traversal as shown in Figure 1a.
In our example, a loop traverses a list of length four, performing some computation at each node in the list.
The four hashed boxes in Figure 1a represent the processor’s execution of the four loop iterations, each of

which contains wy cycles of work. We assume an [-cycle cache miss latency, where [ > w;.

Figure 1a illustrates how multi-chain prefetching schedules the prefetch requests for the list nodes as-
suming all four prefetches miss in the cache. Because multi-chain prefetching uses the natural pointers in
the LDS for prefetching, the prefetch requests must issue serially and require 4 cycles to complete, as rep-
resented by the dotted bars in Figure 1a. Since I > wj, the loop alone contains insufficient work to hide the
serialized memory latency. However, multi-chain prefetching effectively tolerates all the memory latency by
initiating the prefetch chain 4/ — 3w; cycles prior to the traversal loop, called the pre-loop time (PT), which
guarantees that each prefetch arrives before its consuming loop iteration. As illustrated in Figure 1a, these
prefetches issue asynchronously with respect to the loop code. Our technique relies on a prefetch engine to

issue asynchronous prefetches independent of the main CPU.



While pre-loop overlap can tolerate the serialized memory latency for a single pointer chain, pointer
chasing computations typically traverse many pointer chains. For example, repeated hash table lookups
traverse a different linked list for each hash bucket, and in tree traversal, the traversal of the sub-trees at
each node pursues independent chains. To illustrate how multi-chain prefetching exploits such independent
pointer-chasing traversals, Figure 1b shows a doubly nested loop that traverses an array of lists. The outer
loop, denoted by a shaded box with wy cycles of work, traverses an array that extracts a root pointer for

the inner loop. The inner loop is identical to the loop in Figure 1a.

As in Figure la, multi-chain prefetching still initiates each chain of prefetches PT' cycles prior to its
corresponding inner loop. To provide the PT cycles of pre-inner loop overlap, each prefetch chain is initiated
from an earlier outer loop iteration. The number of outer loop iterations by which a prefetch chain must
be initiated in advance is known as the prefetch distance (PD). In the Figure 1b example, PD = 2. Notice
when PD > 0, the prefetches from separate chains overlap across iterations of the outer loop, hence exposing
memory parallelism despite the fact that each chain is prefetched serially. As illustrated in Figure 1b, the
initiation of prefetch chains occurs synchronously with iterations of the outer loop. Our prefetch engine
observes the code execution inside the processor and issues each chain in a synchronized fashion with the

outer loop.

3 Prefetch Chain Scheduling

In this section, we present an off-line technique for scheduling prefetch chains, as described in Section 2. Our
technique performs scheduling across multiple control structures since the overlap of cache misses in multi-
chain prefetching spans multiple loops and/or recursive functions. We present our technique in two parts.
First, in Section 3.1, we introduce an LDS traversal descriptor framework that captures the information
required for prefetch chain scheduling. Our framework handles loops and recursive functions that traverse
arrays, lists, trees, and the composition of all of these. Second, in Section 3.2, we describe a scheduling
algorithm that identifies the asynchronous and synchronous prefetch traversals as discussed in Section 2, and

computes a prefetch distance for each synchronous traversal.

3.1 LDS Descriptor Framework

To perform prefetch chain scheduling, we first extract information from the LDS traversal code necessary
for scheduling. Two types of information are required: data structure layout, and traversal code work.
We define a framework consisting of LDS descriptors to represent both the layout and work information.
Figure 2 illustrates how our descriptors represent the data structure layout information, and Figure 3 shows
the descriptor extensions that provide the traversal code work information. Our descriptors are also used by

the prefetch engine to generate prefetch addresses at runtime, as discussed later in Section 4.

We specify data layout using two different descriptors, one for arrays and one for linked lists. As shown
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Figure 2: LDS descriptors: data layout information.

in Figure 2a, we represent an array structure with a descriptor that contains three parameters: base (B),
length (L), and stride (S). The B parameter specifies the base address of the array, the L parameter
specifies the number of array elements traversed by the application code, and the S parameter specifies the
stride between consecutive references. This descriptor captures the layout of the array elements accessed by
a loop that performs a constant-stride array traversal. As shown in Figure 2b, we represent a linked list
structure with another descriptor that also contains three parameters. The B parameter specifies the root
pointer of the list, the L parameter specifies the number of link elements traversed by the application code,

and the xS parameter specifies the offset from each link element address where the “next” pointer is located.

To enable representation of complex data structures, our framework permits descriptor composition.
Composition is represented as a directed graph whose nodes are descriptors and whose edges are composition
dependences. Two types of composition are allowed: nested and recursive. In a nested composition, each
address generated by an outer descriptor forms the B parameter for multiple instantiations of a dependent
inner descriptor. A parameter, O, can be specified to shift the base address of each inner descriptor by a
constant offset. Such nested descriptors capture the data access patterns of nested loops. In the top half
of Figure 2c, we show a nested descriptor corresponding to the traversal of a 2-D array. We also permit

indirection between nested descriptors denoted by a “*” in front of the outer descriptor, as illustrated in the
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Figure 3: LDS descriptors: traversal code work information.

lower half of Figure 2c.! Although the examples in Figure 2c only use a single descriptor at each nesting
level, our framework permits multiple inner descriptors to be nested underneath a single outer descriptor.
Our framework also allows an arbitrary depth of nesting, though the prefetch engine may impose practical

limitations.

In addition to nested composition, our framework permits recursive composition. Recursively composed
descriptors behave identically to nested descriptors, except that the edge for the composition dependence is
a backwards edge. Since recursive composition introduces cycles into the descriptor graph, our framework
requires each recursive arc to be annotated with the depth of recursion, D, to bound the size of the data
structure. Figure 2d shows a simple recursive descriptor in which the inner and outer descriptors are one and
the same (in which case, both the B and O parameters are specified in the same descriptor), corresponding

to a simple tree data structure.

Finally, Figure 3 shows the extensions to the descriptors in Figure 2 that provide the traversal code work
information. The work information specifies the amount of work performed by the application code as it
traverses the LDS specified by the data layout information. For each descriptor in the descriptor graph, two
parameters are added. The work parameter, w, specifies the amount of work per traversal loop iteration.
The work parameter is illustrated in Figure 3a. The offset parameter, o, is used for composed descriptors,
and specifies the amount of work separating the first iteration of the inner descriptor from each iteration of

the outer descriptor. The offset parameter is illustrated in Figure 3b.

3.2 Scheduling Algorithm

Once the descriptor information has been extracted from the LDS traversal code, we analyze the resulting

descriptor graph and schedule all the prefetch chains. Two properties of the descriptor graph make scheduling

1These data structures have been referred to as “backbone-and-rib structures



