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Abstract signed to deal with pointer-chasing have been proposed.

Prefetching offers the potential to improve the perfor- Three techniques [10, 16, 12] try to overlap the latency of
mance of linked data structure (LDS) traversals. How- the prefetch that fetches the next node in the LDS, with all
ever, previously proposed prefetching methods only workthe Wprk between two consecutive LDS accesses. When
well when there is enough work processing a node that thethere is not enough work to hide the memory latency, these
prefetch latency can be hidden, or when the LDS is long three methods become less effective. Two other techniques
enough and the traversal path is known a priori. This pa- [10, 17]add pointers between non-successive nodes that are
per presents a prefetching technique calfgdfetch arrays ~ used to launch prefetches. While they can potentially hide
which can prefetch both short LDS, as the lists found in hashthe load latencies, even when there s little work in each
tables, and trees when the traversal path is not known a pri- iteration, these techniques require that the traversal path is
ori. We offer two implementations, one software-only and known a priori and that a large number of nodes are tra-
one which combines software annotations with a prefetch versed to be effective. Unfortunately as we show in this pa-
engine in hardware. On a pointer-intensive benchmark per, for important real-world applications, such as database
suite, we show that our implementations reduce the mem-Servers, there is little work in each iteration and the traver-
ory stall time by 23% to 51% for the kernels with linked sal path is not known a priori. Note also that balanced hash
lists, while the other prefetching methods cause reductionstables usually have short linked lists with little work in each
that are substantially less. For binary-trees, our hardware iteration and thus these methods are not efficient.

method manages to cut nearly 60% of the memory stall |n this paper, we present a prefetching technique for hid-
time even when the traversal path is not known a priori. ing the load latencies of tree and list traversals that unlike
However, when the branching factor of the tree is too high, previous techniques also is effective both when the traversal
our technique does not improve performance. Another con-path is not known a priori and when there is little computa-
tribution of the paper is that we quantify pointer-chasing tjon for each node. It accomplishes this with the usieioip
found in interesting applications such as OLTP, Expert Sys- pointersandprefetch arrays Jump pointers point to nodes
tems, DSS, and JAVA codes and discuss which prefetchingycated a number of nodes down a linked list. Prefetch ar-

techniques are relevant to use in each case. rays consist of a number of jump pointers located in consec-
utive memory. These are used to aggressively prefetch sev-
1 Introduction eral nodes in parallel thatotentiallywill be visited in suc-

Commercial applications, such as database engines, Ofpessive iterations. .Pref.etch arrays are also used to prefetch
ten use hash-tables and trees to represent and store dati€ first few nodes in a linked list that do not have any jump
These structures, referred to #eked data structures Pointers referring to them, thus our method is also effective
(LDS), are often traversed in loops or by recursion. The for the shortlists found in hash tables.
problem with LDS is the chains of loads that are data de-  Ouir first contribution is an extension of the work of Luk
pendent of each other that constitute the links of the LDS. and Mowry [10] by proposing a generalization of the com-
These loads can severely limit parallelism if the data is not bination of greedy prefetching and jump pointer prefetch-
found in the cache. This is referred to as the pointer-chasinging. We greedily prefetch several nodes located a number
problem. While, prefetching can potentially hide the load of hops ahead with the use of jump pointers and prefetch
latencies of LDS traversals, conventional prefetching tech-arrays that refer to these nodes. Two implementations are
niques fare limited success, because the addresses generatprbposed and evaluated on a detailed simulation model run-
by LDS traversals are often hard to predict a priori. ning pointer-intensive kernels from the Olden benchmark

Recently, five prefetching techniques especially de- suite and on one kernel extracted from a database server.



The first software-only implementation improves the per- While (ptr!=NULL){ (1) The time to perform one loop body,
formance of pointer-intensive kernels by up to 48%. Our WOrk(ptr); denoted\ork _

method manages to fully hide the latency of 75% of the (tf‘kf-'ift(pltr;daga)_: TRUE)2) TEl;e brar;cnlng fgctor,

loads for some kernels. A factor that limits the performance elger_p friett-node, ranchis Here <.

gains of our approach ]‘or trees, .is the execution overheads ptr = ptr—sright node:

caused by the instructions that issue the prefetches of the (3)The number of nodes traversed, dendBériinL

prefetch arrays. To limit these overheads, we introduce a

hardware prefetch engine that issues all the prefetches irFigure 1:The pseudo-code of the application model for a binary
the prefetch array with a minimum of instruction overhead. tree traversal. The model is also applicable when using recursion.
With this hardware, our method outperforms all other pro-

posed prefetching methods for five of the six kernels. the branching factorBranchF) of the LDS (a list has a
Another contribution of this paper is that we quantify the yranching factor of one, a binary-tree two, and so on); (3)
performance impact of pointer-chasing in what we believe the number of nodes traversed, i.e. thain lengthdenoted

are important application areas. Our measurements showp,qn 1, and finally, the latency of a load or prefetch de-
that over 35% of the cache misses of the on-line transac-gted Latency. All these parameters are shown in Table

tion processing (OLTP) benchmark TPC-B executing onthe 1

database server MySQL [19], can be attributed to pointer-

chasing. These misses stem from hash tables used to store  Table 1:The application parameters used in this study.

locks, different buffers for indexes and database entries, and

also index tree structures used to find the right entry in the || Parameter| Description

database table. Another application where pointer-chasing || Work | The time to perform the whole loop body

can be a performance problem is in expert systems. We also|| BranchF | The branching factor _

present measurements for five other applications. ChainL | Number of nodes traversed, tbieain length
This paper continues in Section 2 by introducing an ap- | Latency | The latency of a load or prefetch operatior

plication model to reason about the effectiveness of previ-

ous software prefetching techniques for pointer-chasing. In - The metric we will use to measure the effectiveness of

Section 3 our two approaches are presented and then evalla prefetching technique is titatency hiding capabilityde-

ated in Section 5 using the methodology presented in SecnotedL HC, which is the fraction of the pointer-chase load

tion 4. Section 6 deals with pointer-chasing in some larger latency that is hidden by prefetching. In the next section

applications, while the related work is presented in Sectionwe are going to describe all previously published software

7 and the paper is finally concluded in Section 8. prefetching schemes for LDS and use these application pa-

rameters to reason about when they are expected to be ef-

2 Background fective using LHC as the metric.

_To be able to reason about when one prefetching tech- 5 prefetching Techniques for Pointer-Chasing
e v o on o0 i Sennen 3 WCaus™ o of th frst software tchniues targting LDS i
model, we show in Section 2.2 when existing.p<.)inter-chase|'Uk and Mowry’sgreedy prefetchingl0]. It prefett_:hes Fhe
prefet(;hing techniques succéed and when they fai next_node/nqdes in an LDS at the start of each iteration ac-

S : cording to Figure 2. For the prefetch to be fully effective,

2.1 The Application Model Work > Latency must hold. In this case, a prefetch would

A typical LDS traversal algorithm consists of a loop (or be issued at the beginning of an iteration and it would be
a recursion) where a node in the LDS is fetched and somecompleted when the iteration ended ahHC = 1. How-
work is performed using the data found in the node. An ever if Work < Latency only a part of the latency would
example code of this is found in Figure 2.1, where a tree be hidden as reflected in the equations below.
is traversed depth-first until a leaf node is found. First, in
each iteration some computation is performed using the data LHC. — { 1 ; Work > Latency
found in the node, then the next node is fetched, which in 9" = | Work/Latency ;Work < Latency
the example is one out of two possible nodes. The loop is Q)
repeated until there are no more nodes. Animportant obser- Note that these equations are under the assumption that
vation is that a load that fetches the next node is dependenthe LDS is a list, or a tree that is traversed depth-first until
on each of the loads that fetched the former nodes. Here-a leaf node is found and that each pointer-chase load misses
after, we are going to denote each of these loagmager- in the cache. If a tree is traversed breadth-first, iieC
chase loads would be higher than if it is traversed depth-first until a leaf

We will now show that there are four application pa- node is found. Note also, that tHeH C is the fraction of
rameters that turn out to have a significant impact on thethe pointer-chase load latency that is hidden by prefetching,
efficiency of prefetch techniques: (1) the time to perform so it does not take into account any instruction overhead
the whole loop body, in our model denotéfork; (2) caused by the prefetching technique in question.




To be able to fully hide the pointer-chase load latencies marginally more effective than basic jump pointer prefetch-
whenWork < Latency, a prefetch must be issued more ing.
than one iteration in advance. This number is called the Overall, the techniques presented so far have two ma-
prefetch distancalenotedPrefD. For a prefetch to be jor drawbacks: they are not effective either when the chain
fully effective, it has to be issued sufficiently far in ad- length and the amount of computation per iteration are small
vance to hide the latency of it. This can be calculated or when the amount of computation per iteration is small
asPrefD = [La&eney] gecording to [10]. However, to  and the traversal path is not known a priori. We will show

Work ; . .
prefetch one or more noddé¥ref D iterations in advance, that our techniques, presented in the next section, are ex-
extra pointers in the code that point to the nodd< f D pected to be effective also under these conditions when the

iterations ahead, need to be introduced, because originallysource of the pointer-chasing is a loop or a recursion. This
there are only pointers to the next nodes in the LDS. Theseis common in many important applications as we will see in
extra pointers are callgdmp pointers Section 6.

The first scheme to utilize thesgisnp pointer prefetch- 3 Our Prefetching Techniques
ing [10] where a jump pointer was inserted in each node. In this section we describe our prefetching techniques

The jump pointer is initialized to point to a node a number for LDS. Section 3.1 describes our software method and

of iterations ahead. As depicted in Figure 2, this pointer is Section 3.2 d i d block-prefeteh |
then used to launch a prefetch in each iteration for a node lo->€¢tion 3.2 describes our proposed block-prefetch Instruc-

cated a number of hops ahead. The first drawback with thist'or‘]c ang_how it ihs gsed in al? LDShappIicl_ation. For;lll the
solution is that there are no prefetches launched for the firstPré'etching methods, we will use the application model pre-

PrefD — 1 nodes as there are no jump pointers pointing to sented in Section 2 to describe when the techniques are ef-

these nodes. Thus @hainL < PrefD the prefetch hig-  [ective and when they are not.

ing capability will be zero. If instea@hainL > PrefD, 3.1 Prefetch Arrays: A Software Approach

ignoring the effect on th&eHC of the first PrefD — 1 Our prefetching technique is called tpesfetch arrays
load misses, an@ranchF = 1 there is only one possible technique (PARims at hiding the memory latency of LDS
traversal path, thu& HC = 1 if PrefD is set properly.  also when the other methods fail. Our method makes this
However, if BranchF > 1 and we assume that each node possible by trading off memory overhead and bandwidth for
will be visited with equal probability and that the tree is fewer misses. We start by describing the basic mechanism
traversed depth-first until the first leaf node is reached, thein Section 3.1.1 and end it by discussing its properties in
probability that the correct node will be prefetched is only Section 3.1.2.

1/BranchF¥refP thusLHC = 1/BranchF¥mefP The  3.1.1 Prefetch Approach

effectiveness is thus as follows: The main idea behind our approach is to aggressively
. ' prefetch all possible nodes a number of iterations ahead

LHC.. < { BranchFPreiD Chaz.nL > PrefD equal to the prefetch distance. To be able to do this, we
PP = ; ChainL < PrefD associate a number of jump pointers with each node. These

2 jump pointers are allocated in consecutive memory loca-

If the traversal path is known beforehand, the fraction in tions, in what we call @refetch array This array is located
the above expression can be turned intg &y using this  in the node so that when a node is fetched into the cache
knowledge to initialize the jump pointers to point down the the corresponding prefetch array is likely to be located on
correct path. the same cache line, thus most of the time there will be
Chain jumping[17] is a variation on jump pointer no extra cache misses when accessing the prefetch array.
prefetching that can only be used when the LDS node alsoThe prefetch array is then used in every iteration to launch
contains a pointer to some data that is used in each iteraprefetches for all the nodes a number of iterations away. An
tion. For a prefetch approach to be fully effective, this data example code how this is implemented for a binary-tree is
must also be prefetched along with the node. Jump pointershown in Figure 2.
prefetching solves this by storing two jump pointers, one  WhenBranchF = 1, jump pointer prefetching has the
to the node and one to the corresponding data and launchedisadvantage that it does not prefetch the fitse fD — 1
prefetches for both. Chain jumping saves the storage of thenodes as shown in Figure 2. This is very ineffective for
last jump pointer by launching that prefetch last in the it- short lists, as those found in hash tables for example. With
eration instead, using the pointer prefetched at the begin-our method, we instead create a prefetch array at the head of
ning of the iteration. This approach will only work well the list that points to the firdere f D — 1 nodes that the reg-
whenWork ~ Latency, as there must be enough compu- ular jump pointers found in the nodes do not point to. This
tation between the first prefetch in the iteration and the lastprefetch array is used to launch prefetches before the loop
one, using the pointer fetched by the first prefetch. We will is entered that traverses the list. How this is implemented
only look at jump pointer prefetching in this paper, as chain can be seen in Figure 2. Once the loop is entered, prefetches
jumping only can be used for one application that we study are launched as in jump pointer prefetching. Note that for
in Section 5, and for that one it was proved in [17] only to be all other types of LDS, the main prefetching principle is the



Greedy Prefetching
while (ptr 1= NULL){

Jump Pointer Prefetching

prefetch(ptr —left); while (ptr I= NULL){ ; ;
prefetch(ptr —right); prefetch(ptr —jump _ptr); Whilei;{\:?:P,\?SieL;Frefetchmg
work(ptr); B . work(ptr); _ _ prefetch(ptr —jump _ptr);
if (take_left(ptr—data)) ptr = pteleft; if (take_left(ptr—data)) ptr = pteleft; work(ptr);
else ptr = ptesright; else ptr = ptrright; ptr = gtr—’mext'
} } } |
P P p P

Block Prefetch Instruction

Prefetch Array
for (i=0; i <PREFETCH_D; i++)
prefetch(list_head—prefetch_arrayf[i]);
while (ptr 1= NULL){
prefetch(ptr —jump _ptr);
work(ptr);
ptr = ptr—next;

Prefetch Array
while (ptr I= NULL){
for (i=0;i <pow(2,PREFE.D);i++)
prefetch(ptr —prefetch_arrayf[i]);
work(ptr);
if (take_left(ptr—data)) ptr = ptrsleft;
else ptr = ptrright;

while (ptr != NULL){
blockprefetch(ptr —prefetch_array, PREF_D);
work(ptr);
if (take_left(ptr—data)) ptr = pteleft;
else ptr = ptrright;

Figure 2:The implementation of the software approaches in an example of a tree and a list traversal. Jump pointers are dashed and a 'P’
designates that the pointer is used for launching prefetches. The pow-function in one code example cfi¢tfdtes.

same as for the binary-tree. In the next section, we will start have arrived, and the LHC of those will be one. The equa-
by deriving theLH C of our prefetching method. tions are summarized below.

3.1.2 Discussion

The LHC of our method will be different if we are

traversing lists or traversing a tree, because there are no 1 ; ChainL > PrefD

jump pointers pointing to the first nodes in a tree as there min(L, g2k )+ PrefD—1 . ChainL < PrefD )

are in a list. The rationale behind this is that short lists are

much more common (in hash tables for example) than short  |n using our prefetching scheme, we have three limit-

trees and that the top nodes of a tree will with a high prob- ing factors: memory overhead, bandwidth overhead, and

ability be located in the cache if the tree is traversed moreinstruction overhead both due to prefetching and rearrang-

than once. On the other hand, if this is not true, a prefetching of jump pointers and prefetch arrays when insert-

array could be included that points to the first few nodes in ing/deleting nodes from the LDS. The memory overhead

the tree, in the same manner as for lists. For a tree, as Weonsists of space for the prefetch arrays and the jump point-

prefetch all possible nodes at a prefetch distaReef D, ers if used. If there ar@ranchF possible paths for each

the effectiveness will be 1 whe@hainL > PrefD (ig- node and the prefetch distanceRsef D, then the number

noring the misses of the firgtref D — 1 nodes). However,  of words each prefetch array occupiesBiganchFFmefD,

if ChainL < PrefD there will be no prefetches: If PrefD = 1 we get Luk and Mowry's greedy prefetch-
ing, and we do not need any prefetch arrays as the point-

3) ers to the next nodes already exist in the current node. If
PrefD is large andBranchF > 1, the number of nodes

that need to be prefetched soon gets too numerous, and both

the memory, bandwidth and instruction overhead will be too

LHCpa_list -

' Latency

ChainL

[ 1 ;ChainL > PrefD
LHCpa_tree = { 0 ; ChainL < PrefD

For a list, the effectiveness will also be 1 wh@hainL >
PrefD if we ignore the misses to the firftrefD — 1 high for PA to be effective.

nodes. However, we also aggressively prefetch the first How bandwidth limitations affect our prefetching
nodes in an LDS. This means that we get some effi- method will be examined in Section 5.3 and insert/delete
ciency even whei€hainL < PrefD. The LHC of the instruction overhead is examined in Section 5.4. In the next
prefetch fetching the first node will bein(1, J22rk ). section we will introduce a new instruction and a prefetch

; \ ? Latency ' ) o 8 .
The prefetches for the following nodes will by that time engine that eliminates most of the instruction overhead as-




Start Address and length

of the Prefetch Array From the Processor from the database server MySQL [19]. All our simulation
\ results were obtained using the execution-driven simulator
l i : l Si_mIQS [11] that models a S.PARCVS ar_chit_ecture. The ap-
i APy plications are executed on Linux which is simulated on top
‘ Cache ‘ ‘ e ‘ of SimICS. However, for the kernels we do not account for
l operating system effects.

The baseline architectural parameters can be found in
Table 2. Note that only data passes through the memory

Figure 3:The location of the prefetch engine for an architecture hler_archy._ Instructions are always dellvergd to the proces-
where the physical or virtual L1 cache is accessed at the sameSOF in @ single cycle. How the results of this paper extends
time as the TLB. If the TLB needs to accessed before the physicalto systems with other features such as super-scalar and out-
cache, all the accesses of the prefetch engine needs to pass througi-order processors, copy-back caches, and bandwidth lim-
the TLB first also. itations will be discussed where appropriate in Section 5.
The kernels we have used are presented in Table 3.
sociated with launching prefetches using the prefetch array.The kernels are chosen to represent a broad spectrum of

To alleviate the potential problem of high instruction nels typ|ca}lly have a instruction footprint that 'S.Iess th;m
overhead when prefetching using the prefetch arrays, We16KB’ which means that a modgrately-gzed Instruction
propose a new instruction calledkdock prefetch opera- cache would remove most of the instruction stall time for
tion. This instruction takes two arguments: a pointer to these kernels_.
the beginning of the prefetch array, and the length of the DB-ree is a kernel taken from the database server
prefetch array. When executed it triggers a prefetch engineMySQL, that traverses an index tree, something that is per-
that starts to launch prefetches for the addresses located ifP'med for each transaction that arrives to an OLTP-system,
the prefetch array. When it reaches the end of the prefetch©r €xample. The traversal is performed one node per level
array, it stops. Note in Figure 2 that it substitutes the for- unt|I_a leaf node is found. A_fter_that another traversal (be-
loop of the all-software approach with just one instruction. 10Nging to another transaction) is performed that may take
This instruction should increase performance substantially,2n0ther path down the tree.
especially wheBranchF > 1 andWork is small. For all The other benchmarks are taken from the Olden bench-
other cases the performance improvements should be quiténarks suite [15], except fanst.long  which ismst with
small. Examples of other prefetch engines can be found in'onger LDS chains. This was done by dividing the size of
[18, 3, 12, 16, 17]. The first two engines prefetch single ad- the hash-table by four. We mcIudec_j this kernel becaus_e
dresses and addresses with strides and all initial addressel§/€ré was no other program in the suite that had long static
are produced by a compiler. The remaining three prefetchhsts with little computation _performed for e_ach nnga. AII
engines will be discussed in Section 7 as they also targetPrograms were compiled with egcs 1.1.1 with optimization
some aspects of pointer-chasing. flag -O3 and loop unrolling was applied to the _for-loop that

This simple prefetch engine can be implemented a|ong_launches the prefetches of the prefetch_a(ray in the all_soft-
side the first level cache according to Figure 3. The figure Ware approach. We do not gather statistics for the initial-
depicts a virtually-addressed cache. If the first level cache isiZation/allocation phase of the benchmark, as we will study
physically addressed, all cache look-ups from the prefetcht_he effects of insertion/deletion .of nodes separately in Sec-
engine has to pass through the TLB first. When the enginet'O” 5.4. Note that fonhealth_ , inserts and d_eletes occur
gets the first address of the prefetch array and the length off€guéntly during the execution so they are included in the
it from the processor, it reads the first entry of the prefetch statistics. We _have allso used complete applications that will
array from the first level cache. It then launches a prefetchPe Presented in Section 6.
for this address. The prefetch engine then repeats this pro, .
cedure for the next word in the prefetch array. This pro- 5 Experimental Results
cess is repeated a number of times equal to the prefetch ar- Before we take a look at the impact of pointer-chasing
ray length. Should a cache miss occur, the cache loads th@nd the prefetching techniques in this paper for large ap-
cache block and the prefetch engine launches the prefetciplications, we will verify that the techniques behave as ex-
as soon as the cache block arrives. If there is a page faultpected by studying them on the simple Olden kernels in

To the 2nd Level Cache

the prefetch engine aborts that prefetch. Section 5.1. To start with, the prefetch distance has been
fixed at 3 for all kernels, except PA for trees where it is set
4 Methodology and Benchmarks to 2. How effective the techniques are when the memory

In this section, we present our uniprocessor simulation latency and prefetch distance is varied, is studied in Section
model and the two sets of benchmarks that are used. Thé.2. Initially we assume a contention free memory system.
first set of kernel benchmarks is taken from the Olden Bandwidth limitations is something that can limit the im-
benchmark suite [15] with the addition of a kernel taken provements of prefetching, and this is studied in Section



Table 2:The baseline architectural parameters used in this study. Note that some of these parameters are changed in later sections.

Processor Core Single-issue, in-order, 500 MHz SPARC processor with blocking loads.

L1 Data Cache| 64KB, 64B line, 4-way associative, write-through, 1 cycle access. 16 outstanding writes allowed.
L2 Data Cache| 512KB, 64B line, 4-way associative, write-through, 20 cycle access. 16 outstanding writes allowed.
Memory 100 cycle memory latency. Contention free.

Prefetches Non-binding, aborts on page faults. Maximum of 8 outstanding prefetches allowed. Prefetch engine can|launch
a prefetch every other cycle, if the prefetch array is cached.

Table 3:The kernels used in the study. The first three traverse lists, the two following traverse binary trees, and the last one a quad-tree.

Kernel Input Param. LDS Type ChainL | Work
mst 1024 nodes static hash tables 2-4 little
mst.long | 1024 nodes static hash tables 8-16 little
health 5 levels, 500 iter.| dynamic lists 1-200 | medium
DB.tree 100000 nodes dynamic binary-tree, top-down traversal 16 medium
treeadd 1M nodes static binary-tree, every node visited, traversal order known 19 little
perimeter| 2K x 2K image | static quad-tree, every node visited, traversal order known 11 medium

5.3. Finally the costs of updating the prefetch arrays andray contains only two jump pointers, while the hardware ap-
the jump pointers are studied in Section 5.4. proach has an overhead of two instructions. The instruction
5.1 Tree and List Traversal Results overhead of the hardware PA is slightly higher than for jump

The performance of a prefetching technique for any sys- pointer prefetching and this is because the block prefetch in-

tem can roughly be gauged by measuring four metrics: exe_struction takes two arguments instead of one. This extra in-
cution time, full coverage, partial coverage, and efficiency. Struction overhead can also be observearfst.long and

Full coverage is the ratio of cache misses eliminated by thel’é€add , but forhealth andDB.tree this overhead

prefetching method to the total number of cache misses.'S dwarfed by other instruction overheads of jump pointer

Partial coverage is the ratio of cache misses to blocks forPrefétching as will be discussed later. o
which prefetches have been launched but have not been Figure 5 shows the coverage of the kernels divided into
completed to the total number of misses. Efficiency is the full coverage and partial coverage. Foist, we see that
fraction of all prefetched cache blocks that are later ac-jump pointer prefetching prefetches the nodes early enough
cessed by an instruction. We will start by discussing the but very few of them, while the prefetch array technique
effect of prefetching on the execution time of list and tree Prefetches more nodes early enough to hide a larger part
traversals. Figure 4 shows the normalized execution timesOf the memory latency than jump pointer prefetching. The
of the kernels with different prefetching approaches and eason why the coverage is not 100% for greedy prefetch-
without them. The execution time is normalized to the base ing and PA is the following. The pointers used to launch the
case without prefetching. Each bar is subdivided into busy Prefetches only point to the first word of each node. All the

time, instruction overhead due to the prefetching technique, techniques thus only launch a prefetch for the cache block
and memory stall time. Note that there is no contention on that the first word of the node is located on, and if the node is

the bus to be able to disregard effects stemming from lim- located across two cache blocks the second block will thus
ited bandwidth. not be prefetched. So even though greedy prefetching and
Mst is a hash-table benchmark wheftainL is be- PA launch prefetches for the first word of all nodes, there
tween two and four an@ork < Latency. This means are cache misses for the nodes located across two cache
that greedy prefetching is not expected to be effective asblocks. Adding jump pointers to nodes increases the num-
Work is low. As expected, it only improves performance ber of nodes !ocated across cache blocks as can'bee seen
by 2%. Jump pointer prefetching is also ineffective as When comparing the coverage of greedy prefetching with
ChainL < PrefD most of the time. It only improves
performance by 1%. However, with PA, part of the load la-  Table 4 shows the efficiency of the prefetching tech-
tency of the first nodes in the list will also be hidden and niques. Greedy prefetching has an efficiency of 100%, be-
thus we get a performance improvement even for short lists.cause it only prefetches the next node in the list. Jump
The software approach improves performance by 20%. Thepointer prefetching has only a 42% efficiency because
hardware approach is only marginally better than the puresometimes the right node is found earlier in the list than
software one and improves performance by 22%. This isthe fourth node in the list that jump pointer prefetching
due to the fact that the instruction overhead of the software prefetches. PA has an efficiency of 75%.
approach is only four instructions, because the prefetch ar- The kernelmst.long has a larg&€hain L otherwise it
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Figure 4:The execution time of the benchmarks normalized to the execution time without prefetching. In the figure, 'B’ is the base case
without prefetching, ‘G’ is greedy prefetching, 'J’ is jump pointer prefetching, 'PA.s’ is the software implementation of prefetch arrays,
and 'PA.h’ is the hardware implementation.
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Figure 5:The coverage subdivided into full and partial coverage of the benchmarks. In the figure, ‘G’ is greedy prefetching, 'J’ is jump
pointer prefetching, 'PA.s’ is the software implementation of prefetch arrays, and 'PA.h’ is the hardware implementation.

The memory stall time reduction is comparable for both the

Table 4: The efficiency of the prefetching schemes for all the techniques a€'hainL can be up to 200.

benchmarks.
Kernel | Greedy | Jump Prefetch Arrays DB.tree is taken fro_m a _database server, and is a
Prefetch| Pointers| Software | Hardware depth-first traversal of a binary index tree in search of a leaf
mst 100% 42% 75% 75% node. The important aspect of this kernel is that the traversal
mst.long | 100% 82% 82% 82% path is not known a priori, thus the jump pointers in jump
health 100% 97% 97% 97% pointer prefetching is set to point down the last path tra-
DB.tree 57% 24% 32% 32% versed, thus the high instruction overhead for this technique
treeadd | 77% 97% 62% 62% compared to the other. As can be seen in Figures 4 and 5,
perimeter| 78% 99% 96% 96% jump pointer prefetching is not a useful alternative for ap-

plications where the traversal path is not known a priori. It
is the same amist. This means that jump pointer prefetch- even increases the memory stall time due to cache misses
ing is now expected to be more effective as we can see fromon jump pointer references that most of the time are use-
the much higher coverage and efficiency values. Itimprovesless. Also, the software PA suffers from a high instruction
performance by 35%. However, PA is still a better approach overhead from the issuing of the prefetches and only man-
as it improves performance by 47% and 48%, respectively. ages to improve the performance by 3%. The best prefetch
Health differs from the previous hash table kernels in approach for this kernel is hardware PA. Wh.iCh improves the
three aspects: there are no hash-tablgsyk is not as performance by 28%. Greedy prefetching improves the per-

0 .
small, and LDS nodes are inserted and deleted frequentlyformance by 15% as the valueBfork is close to the value

during the execution. The last fact should indicate that jump ! Latency.

pointer prefetching and prefetch arrays should be less effec- Treeadd differs from the previous kernel in that the
tive as they incur overheads for insert and delete operationstraversal path is known a priori. For this kernel jump pointer
However all of the aforementioned approaches are more ef-prefetching provides a performance increase as seen in Fig-
fective than greedy prefetching. Jump pointer prefetching ure 4. Note that the memory stall time can be removed al-
improves the performance by 27%, and PA with 38% and most entirely by changing the prefetch distance to a higher
39%, respectively. The reason that PA is better than jumpvalue, thus jump pointer prefetching can outperform all
pointer prefetching is that the insert and delete operationsother techniques fotreeadd . However, jump pointer
are less costly for PA as will be explained in Section 5.4. prefetching needs to adjust the prefetch distance for vary-



ing memory latencies, while prefetch arrays gives a 40% prefetch distance will not make it miss the fiRBtefD — 1
execution time reduction, for this kernel, without any tun- nodes.
ing. For the binary-tree kernels the results are different. In-

The last kernel igperimeter  that traverses a quad- creasingPrefD for jump pointer prefetching enables it
tree in which the traversal path is known a priori. Both to hide more latency as long as the binary tree is large
prefetch array approaches cannot improve the performancesnough, as the instruction overhead is constant regardless
as there are far too many prefetches that need to be launchedf PrefD. PA on the other hand, will have to launch
when each new node is entered. The best approach to usmore prefetches if the prefetch distance is increased. For
should be jump pointer prefetching after an adjustment of the software solution this also means more instruction over-
the prefetch distance to a higher value, which would reducehead. The effect of this can especially be sedbiitree
the memory stall time even more. where the performance is increased by 2% for jump pointer

The question now is how a multiple-issue processor prefetching whenPrefD is increased, while the perfor-
would affect the memory stall time and busy time. As far as mance of PA is degraded by 70% and 32%, compared to
memory-stall time, we do not expect it to be decreased be-the base case. We conjectured that the performance degra-
cause most loads in the kernels are data dependent. As a ralation was attributed to cache pollution. In order to test this
sult there is little opportunity for overlapping cache misses. hypothesis, we reduced the size of the caches for the base
Regarding the busy time, it will remove some of the instruc- system and the system with our prefetch technique. While
tion overhead associated with the prefetching techniques. Ifthe miss rate only changed marginally for the system with
a processor, for example, has four load/prefetch functionalno prefetch, a significant increase was noted for the sys-
units there would be no need for a special prefetch enginetem with prefetches. This indicates that the reason for the
for binary-trees as the prefetches could all be launched si-poor performance is mainly due cache pollution. Note that
multaneously by the four functional units. Another simpli- the hardware implementation of PA is still the best prefetch
fication in our modeled architecture is that we have write- technique for 4 out of the 5 kernels.
through caches. However, the results would be similar with  To summarize this section, all prefetching techniques are
copy-back caches because a vast majority of the accessa®bust when it comes to dealing with increased memory
(typically > 98%) are reads in these kernels. latency. For jump pointer prefetchingrefD can be in-

To summarize, PA work well for hash-tables, all sorts creased to compensate for the increase in memory latency
of lists and binary trees with an a priori unknown traver- when traversing trees, but not for short lists. However, PA
sal path. If the processor has not enough load units, oumeeds a lowPref D to be effective for trees. In the next sec-
hardware prefetch engine must be used for good perfor-tion bandwidth limitations and its effect on the prefetching
mance for trees. However, when the traversal path in a treetechniques will be evaluated.

is known, jump pointer prefetching can provide better per- 5.3 Effects of Limited Bandwidth
formance improvements than PA. For quad trees, and trees  gangwidth limitations can seriously degrade the perfor-
with a higherBranchF, with an a priori unknown traver-  mance improvements of the techniques studied in this paper.
sal path, no known prefetching technique works well when |, thjs section, two systems are studied. The first one rep-
Work < Latency. resents a high-end system with a memory bus bandwidth
5.2 Impact of Memory Latency of 2.4 GBytes/s, and the second one represents a low-end
Figure 6 shows the normalized execution times of the system with a bandwidth of 640 MBytes/s.
kernels with and without the prefetching techniques when  Figure 7 shows the normalized execution times of the
the memory latency is changed from 100 cycles to 200 cy- kernels for the high-end system. From the figure we can see
cles and for two different prefetch distances. The kernel that there is ample of bandwidth for all the prefetching tech-
perimeter was notincluded because the results are simi- niques. PA is the technique that issues the most prefetches.
lar totreeadd . For the results with the increased prefetch However, even for this technique implemented in the tree
distance, the maximum number of outstanding prefetches iskernels, there is enough bandwidth to accommodate most
raised to 24 for the tree kernels, as the number of maximumof the extra traffic caused by the prefetches.
outstanding prefetches should be larger than or equal to Going instead to the low-end system, we can see that the
PrefD - Pref DBranchF for maximum performance gain  potential performance improvements seen in Section 5.1 do
with PA. not show up to the same extent in Figure 8. For lists, PA is
There are two main observations regarding the list ker- still the best technique, but the performance improvements
nels. First, all prefetching techniques manage to hide nearlyof mst have been cut from 20% and 22% to 6% and 7%.
as much latency or more as when the memory latency wasFor mst.long  the degradation is from 47% and 48% to
lower. Second, there is not much reason to increase the29% for both, and fohealth it decreases from 38% and
prefetch distance. Jump pointer prefetching fails to prefetch39% to 18% for both techniques. The reason that PA is still
the first few nodes ifPrefD is too high as can be seen a viable technique for list traversals on low-end systems,
in mst. However, it can be slightly beneficial for longer is that it does not produce many useless prefetches when
lists as inhealth . PA are more robust, as increasing the BranchF = 1.
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Figure 6:The execution time when the memory latency is 200 cycles normalized to the execution time without prefetching. In the figure,
‘B’ is the base case without prefetching, 'G’ is greedy prefetching, 'J’ is jump pointer prefetching, 'PA.s’ is the software implementation
of prefetch arrays, and 'PA.h’ is the hardware implementation. A '+ means that the prefetch distance has been increased by one.
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Figure 7:The execution time for a high bandwidth system, normalized to the execution time without prefetching.

WhenBranchF > 1, PA starts to generate many use- pointers to update. lhealth , on the other hand, the node
less prefetches that can cause contention in the systemis inserted at the end of the list so prefetching can now be
This is what we can see for the tree kernels in Figure 8. used when traversing the list. As seen in Table 5, we ac-
Here, PA does not offer a performance improvement but for tually get a performance increase. The actual instruction
treeadd and hardware prefetch arrays where there is a overhead is higher for jump pointer prefetching as it uses an
5% improvement. When the traversal path is not known a expensive modulo operation. Witheeadd , the perfor-
priori, as inDB.tree , the only viable approach is greedy mance of the process can also be improved with prefetching
prefetching that still can offer a performance improvement. and again jump pointer prefetching uses more instructions
For the kerneldreeadd andperimeter the best ap-  due to the expensive modulo operator. The instruction over-
proach should be jump pointer prefetching after an adjust- head of PA is a mere 10 instructions foeeadd and the
ment of the prefetch distance. execution time is actually decreased with 10% for PA.

To summarize, PA offers the best performance improve-  To summarize, the instruction overhead of PA and jump
ment for high-end systems and for lists and hash-tables onpointer prefetching is comparable. PA can speed-up the
low-end systems. However, for trees on low-end systemsinsertion/deletion with prefetching more effectively than
the bandwidth is not high enough to accommodate the ag-jump pointer prefetching. The performance is worst when
gressive prefetching. the node is inserted first in the LDS.

5.4 Effects of Insert and Delete Operations

There are two conflicting factors to consider when exam- Table 5: The static instruction and execution time overhead of
ining the performance of insert and delete operations: Theinsertoperationsin jump pointer prefetching to the left of the slash,
increased instruction overhead due to updating of prefetchand the software version of PA to the right, for three of the kernels.

arrays and jump pointers, and the potential benefit of usingKernel | Instruction Overhead Execution Time Overhead
prefetching to speed up the search process often employeli™ mst 16/37 11%/25%

in the insert/delete function. We will only discuss inserts, || health 38/20 -25%/-38%

as the overheads of deletes are similar. treeadd 39/10 4%/-10%

The average static instruction overheads for inserting a
node are shown in Table 5 for three kernels. nist the

node is always inserted at the start of the list, thus we can-6  Pointer-Chasing in some Applications

not use prefetching to speed-up the insertion. Jump pointer

To examine the characteristics and performance impact

prefetching performs better than PA because there are lessf pointer-chasing for emerging application domains, we
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Figure 8:The execution time for a low bandwidth system, normalized to the execution time without prefetching.

have measured the critical application parameters for eightPCC we only account for chains wefthainL > 2.

applications using SimICS. In our model, aload is apointer-  QLTP has a fair amount of PCC that miss in the cache
chasing load if the address it uses was loaded into the reggs 35.7% of the cache misses are due to this. The chain
ister file by a preViOUS load. This address may have been|ength varies, but the average is around Work is most
modified by a number of arithmetic operations since it was of the time very low, around 10 cycles, and sometimes high,
loaded and also moved inside the register file, but it is still above 1000 Cyc]es_ The pointer-chaging misses with a low
a pointer-chasing load in our model. The two loads in the Work mostly stem from hash-tables used to store and re-
above example constitute @inter-chasing chain (PCC)  trieve buffers, locks and other data, and binary-trees used to
We say that a PCC is ended if there are no new loads depenstore the indexes. All the traversal of these structures are
dent on the last pointer-chasing load in that chain 10000 in-input_data dependent as they depend on the actual transac-
structions after this last load was executed. At that time Wetion that arrives to the database server, i.e. jump pointer
increment the number of pointer-chasing loads in the exe-prefetching cannot be used. PA can be successfully used
cution by the number of pointer-chasing loads in the endedin this application to improve the performance of both the
chain, and mark that we have had one more PCC with ajndex tree (theDB.tree kernel) and the hash-tables sim-
ChainL equal to the number of pointer-chasing loads in jlar to mst. Pointer-chasing chains may not seem to be a
the chain. If there are more than one load dependent onproblem as the cache miss ratio is only 0.9% for a 512K
the same pointer-chasing load, we only include the load thatcache on a uniprocessor. However, we conjecture that the
will give rise to the longest PCC. Finall ork is the num-  ratio of cache misses due to pointer-chasing increases with
ber of instructions in between two pointer-chasing loads.  database size as the index-tree and some of the hash-tables
The first application studied is the on-line transaction grow with database size, and as the execution time spent
processing (OLTP) benchmark TPC-B [6] with 40 branches traversing these will also grow, the ratio of PCC in the exe-
executing 5000 transactions on the database server MySQlcution will also increase.
[19], and the second one is the decision support bench- DSS does not suffer from nearly any pointer-chasing
mark (DSS) TPC-D’s [7] query Q3 executing on a 200 chain cache misses and there are only 2% PCC in the ex-
MB database with full indexes. TPC-D is also running ecution. As in OLTP, the index tree and the hash tables are
on MySQL. JVM is represented by the JAVA JIT-compiler used to retrieve data from the database. By contrast, often
Kaffe [20] running the SPECJVM98 program “jess”. We in DSS a large number of database entries are accessed and
have run four more programs on Kaffe ranging from lin- these are not independent of each other. Thus, in the ex-
pack to a raytracer, however we arrive to the same conclu-treme case, the index tree is accessed once and then trans-
sions for all the JAVA programs. The fourth application is formed into another structure. This structure is then tra-
a commercial expert system that interprets network traffic versed sequentially to retrieve all the database entries and
data in search of possible network security breaches or atpointer-chasing is thus avoided.
tempts. 3D-games are represented by Quake [8]. There is The javA application for which we present results for
also have a raytracer from the SPLASH-2 application suite here, does not have much pointer-chasing in itself. Look-
[2], an MPEG2 decoder [13] and a handwriting recognition jhq at Table 6 we can see that nevertheless 17.2% of the
program [14]. loads constitute PCC but only 7.6% of the cache misses are
Table 6 shows the measured numbers (MhainL, due to these. However, further studies are needed in or-
Work, the percentage of cache misses due to pointer-der to examine under which circumstances the PCC miss.
chasing chain loads, the cache miss ratio and the ratio ofMost PCC are short but there exist chains of most lengths
pointer-chasing chain loads in the application. The last and Work varies a lot. The PCC in this application does
value is calculated as the number of dynamic PCC loads innot stem from a low number of sources and from distinct
the execution divided by the total number of dynamic loads. PCs as in OLTP. Instead it is hard to pin-point the sources
The numbers are derived assuming a 512 KByte cache. Asas they are so many, and the pointer-chase chains are often



Table 6:Measured typical values of the application parameters for some applications. CMR stands for cache miss ratio.

Application ChainL Work PCCCM/CMR PCC in the execution| Comments

OLTP 10 varying | 10 or>1000 | 35.7%/0.9% 10.9% Distinct sources
DSS 2 15 <0.1%/1.1% 2.0%

Kaffe <3 varying Any 7.6%/0.7% 17.2% Non-distinct sources
Exp Sys 2-11 <40 0or>950 | 9.5%0.06% 16.0% List Traversals

Exp Sys.state <15 <10 0r=180 | 31.9%/13.8% 14.3% List traversals
Raytrace <10 <10 0r>700 | 20.9%/0.32% 14.1% Tree traversals
MPEG 2-5 1000 4.2%/0.10% 0.4% Low cache miss ratio
Handwriting <3 <300r>900 | 7.1%/0.31% 4.2% Numerical Loops
Quake <10 <60 0or>850 | 12.2%/0.51% 7.4% No source code

produced by many different instructions in a complex way. fixed order between the LDS traversals. If there is not, it
This suggests that all prefetch methods that require anno-cannot be used. Two other drawbacks are that there cannot
tations to the programs as the ones presented in this papehe too much work between each LDS traversal and the LDS
would not be a good choice for a JVM. chains cannot be too long as the nodes would be prefetched

The cache miss ratio due to PCC in the expert system weto early and evicted from the cache before the next LDS was
ran depends heavily if the rule set saves state (facts) or nottraversed. This approach could be used in conjunction with
If facts are saved, they are stored in linked data structuresall the techniques evaluated in this paper.

mostly lists. One or more of these are then traversed for  Three hardware techniques that launch prefetches for
every succeeding incoming fact. Without any saved facts| ps have been proposed earlier. Mehrotra proposed the
the cache miss ratio due to pointer-chasing is 9.5%, howevelngirect reference buffer [12], which targets both sequential
with saved facts it is increased to 31.9%. Considering this patterns and pointer-chasing. However, it can only prefetch
and that the cache miss ratio is 13.8% when state is savedsts and it is only fully effective when the amount of work in
PCC can degrade performance a lot for this application. As gp, jteration is larger than the prefetch latency. Dependence-
the Ilst_s can be _both Iong and sho_rt and the sources of allpased prefetching (DBP) [16] has the last drawback also,
the pointer-chasing chain cache misses are few, we believgyt the prefetching mechanism is not limited to lists. Our
that our technique could be successfully used to improve thetechnique does not have these drawbacks. In [17], Roth
performance of this application. _ et al. combined jump pointer prefetching with a hardware
The raytracer traverses a tree as it traces the ray and thenechanism based on the DBP. Fealth |, the data struc-

cache miss ratio due to PCC is 20.9% and the PCC loadsyyres connected to each node in the LDS are prefetched

in the execution is 14.1%, but the cache miss ratio is only ysing this hardware, and this improves performance a lot.
0.32%. We conjecture that the cache miss ratio most of theqowever, for the other applications the improvements or
time will increase as the number of objects in the image is degradations are small. This technique still needs an a pri-
increased. The tree traversals in raytracing either calculateyrj known traversal path and the LDS cannot be short. Our

a lot in each node or just quickly goes on to the next. Un- technique can handle both these cases.
fortunately, the tree often has a high branching factor which

means that our technique and greedy prefetching cannot be
used. Jump pointer prefetching cannot either be used as th
traversal path through the tree is not known a priori. For the

other three applications the number of cache misses due t hat the same pattern will oceur anain and give the specu-
PCC were low. P 9 9 P

To summarize, pointer-chasing chains can be a problemIated address to each corresponding load. This works well

for the expert system we tried, and we conjecture that it alsofor static lists that are not too short, but not as well when

is a problem for OLTP with large database sizes. We expectg;ﬁe“rslt_s[ge dynamic or short, or when traversing frees and

that PA can be used successfully for OLTP and the expert ] .
system. However for JAVA and raytracing all the techniques ~ Cache conscious data placement has been explored in
[4, 5, 9]. The technique tries to pack LDS nodes that are ac-

evaluated in this paper would not work.
cessed in a row into the same or consecutive cache blocks.
7 Related Work Prefetching the next few blocks is then simple. This tech-
Roth and Sohi presented in [1fdot jumping They add nigue can dramatically improve performance for all types
a pointer between the roots of LDS, and the LDS are linked of LDS even when there are little work performed in each
in the order that they will be traversed. When one LDS is node. The drawbacks are that the overhead for rearrang-
traversed, prefetches for the next LDS is launched via theing the nodes is large, making the technique most suitable
root pointer. This is a good approach as long as there is afor highly static structures, and that the technique requires

A novel approach presented by Bekerman et al. in [1]
ecords the LDS traversals in the load address predictor in

e processor. When the beginning of one of these load ad-
ress patterns is later repeated, the processor will speculate



knowledge of the cache parameters. latkal. [9] are more

aggressive in their relocation, however they require modifi-

cations to the hardware.

8 Conclusion

In this paper we propose a new prefetching strategy for
linked data structures called prefetch arrays. We propose 4]
two implementations, one software-only approach and one
with a modest hardware support in shape of a prefetch en-
gine. Our two implementations are then compared to pre-
viously proposed prefetching techniques on a simulation [6]

model of a uniprocessor system.

Our experiments show that the prefetch arrays technique
can effectively prefetch even short lists, as those found in
balanced hash tables, something that the other techniques
fail doing efficiently. It also provides the best performance
improvements for longer lists, however the performance [9]
differences to other techniques are less. We also show that
our hardware technique can successfully prefetch binary-
trees even when the traversal path is not know a priori and[10]
when the amount of work in a node is not enough to hide
the prefetch latency. However, cache pollution can limit
the performance gains when traversing trees with a highyyy)
branching factor. Our experiments also demonstrate that
there seems to be ample bandwidth in today’s high-end sys-
tems to accommodate our prefetching techniques. However,
in low-end systems the memory bus is expected to becomgzi2]

a bottleneck when prefetching trees, but not for lists.

A second contribution of this paper is the quantification
of pointer-chasing in what we believe are important appli-
cations. For these applications we have measured critical,4;
application parameters that we then use to argue about the
success and failure of different prefetching algorithms. We
find that OLTP, a raytracer and an expert system has a fair
amount of pointer-chasing that really misses in the cache.
We argue that many of the cache misses for OLTP and the
expert system can be removed with our prefetching tech-
nigues. The JAVA just-in-time compiler we ran had a lot
of pointer-chasing, however it did not miss in the cache
and thus it was not a problem. Other applications, such
as decision-support systems and an MPEG-decoder did not'’]
show much pointer-chasing. With this we have shown that
there are important application classes that could benefit)g

from the prefetching technique presented in this paper.
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