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Abstract

Prefetching has long been used to mask the latency of memory loads. This paper presents results for

an initial implementation of pointer-based prefetching within the Impulse adaptable memory controller. We

conduct our experiments on a four-way issue superscalar machine. For the microbenchmarks we examine, we

consistently realize about a 20% improvement in execution time for linked data structures accessed within

medium to short loop iterations. This compares favorably to software prefetching when the data working set

�ts in cache, and exceeds the performance of the latter technique for large working sets. We also �nd that

a superscalar, out-of-order processor hides the memory latency of linked data structures accessed in large

loop iterations exceptionally well, which makes any pointer prefetching unnecessary.

1 Introduction

Prefetching has long been used to mask the latency of memory loads. This paper presents results for an

initial implementation of pointer-based prefetching within the Impulse Adaptable Memory Controller sys-

tem: whenever the memory controller sees a request for a node in a linked data structure, it prefetches

all objects directly pointed by the this node. Our results show that under some circumstances, tradi-

tional software prefetching is preferable to memory-controller based prefetching, but in many situations, the

memory-controller based scheme or a combination of the two approaches wins out.

Prefetching can be performed by software, hardware, or a combination of both. The purely software

approach relies on a compiler to generate instructions to preload data [23, 20], or an application writer to

modify source code to achieve the desired behavior [3, 17, 25]. Hybrid approaches provide hardware support

for such prefetch operations. For instance, they might augment the ISA with a prefetch instruction [10],

rede�ne a load to a speci�c register (e.g., to register 0, as in the PA-RISC architectures [15]), or provide

programmable prefetch engines [6] or programmable stream bu�ers [19]. Hardware-only prefetching [2, 9,

12, 14, 29] thus has the advantage of being transparent. However, due to its speculative nature, care must

be taken to keep from lowering application performance by increasing contention in the caches and wasting

bus bandwidth on useless prefetches. Some commercial machines include such mechanisms [5, 7, 28].

Most prefetching research in the literature focuses on fetching data structures with regular access patterns,

such as streams or arrays. Some of these require that stream patterns be detected dynamically, as in the

1This e�ort was sponsored in part by the Defense Advanced Research Projects Agency (DARPA) and the Air Force Research

Laboratory (AFRL) under agreement number F30602-98-1-0101 and DARPA Order Numbers F393/00-01 and F376/00. The

views and conclusions contained herein are those of the authors and should not be interpreted as necessarily representing the

o�cial polices or endorsements, either express or implied, of DARPA, AFRL, or the US Government.



vector prefetch units proposed by Baer and Chen [2], Fu and Patel [13], and Sklenar [29]. Cache-based

approaches, such as the sequential hardware prefetching of Dahlgren et al. [9], eliminate the need for detecting

strides dynamically. To minimize the number of unnecessary prefetches, the prefetch distance of these run-

time techniques is generally limited to a few loop iterations (or a few cache lines). When prefetching to

cache, the prefetched data may replace other needed data, or may be evicted before it is used.

Contention in the on-chip cache hierarchy can be avoided by bu�ering prefetched data lower in the memory

system. For instance, the Stream Memory Controller of McKee et al. [19] combines prefetching within the

memory controller with dynamic access ordering to exploit bank parallelism and locality of reference among

the DRAM pages.

Other researchers propose moving the prefetching mechanisms all the way down to the DRAM chips.

Alexander and Kedem demonstrate signi�cant speedups for some benchmarks via on-chip DRAM prefetching

and caching [1]. Their scheme modi�es the DRAM structure to include an SRAM cache and a prediction

table. The table stores addresses of up to four possible blocks that are likely to be accessed soon after a

given block. When an access hits in the table, all the associated predicted blocks are prefetched into SRAM

bu�ers inside the DRAM chip. Using a large prefetch block size keeps the prediction table small. Such

DRAM-based prefetching and caching techniques exploit the large, available on-chip bandwidth without

increasing bandwidth requirements of the bus between the memory controller and the DRAM chips. Wong

and Baer [31] investigate line-size and associativity tradeo�s for cached DRAMs. They add a prediction

mechanism to the memory controller to decide whether to close the page in the DRAM sense-amps after

an access. Unlike memory-controller based prefetching and caching, DRAM-based approaches must still

access the DRAM chips on a prefetch hit, and thus such schemes incur a few cycles higher hit latency than

a memory-controller based scheme. Note that for any dynamic scheme that depends on history, memory

latencies during the history-collection phase cannot be hidden.

Several recent CPU-based techniques address the prefetching of linked data structures consisting of nodes

connected by pointers. Some of these [18, 21, 26] try to overlap the latency of a prefetch with the CPU activity

between two consecutive accesses. When there is not enough work per node to mask the prefetch latency,

these methods become less e�ective. Two other techniques [18, 27] add jump pointers, which point to nodes

located further down a linked list. These pointers increase the prefetch distance by allowing non-adjacent

nodes to be fetched for future iterations, which can hide load latencies even when there is little work per

iteration. Karlsson et al . [16] extend this work to prefetch arrays ; they add a new block prefetch instruction

to the ISA. Prefetch arrays consist of a number of jump pointers located consecutively in memory. Both

jump pointers and prefetch arrays consume extra memory and require non-trivial pointer pre-processing. To

be e�ective, these techniques require that the traversal path through a data structure be known beforehand,

and that a large number of times the data structure is traversed. The memory-controller-based approach

we propose here requires no extra memory or extra pointers, and it is capable of hiding latency even when

there is very little work to do for each node.
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Figure 1: Organization of the Impulse Memory Controller.

2 Impulse Background

Impulse expands the traditional virtual memory hierarchy by adding address translation hardware to the

memory controller [4, 11, 30, 33]. The operating system can con�gure the memory controller to reinterpret

unused physical addresses as remapped aliases of real physical addresses. This virtualization of unused

physical addresses can be used to improve the e�ciency of the processor caches. The remapped physical

addresses refer to a shadow address space. The operating system manages all the resources in the expanded

memory hierarchy and provides an interface for the application to specify optimizations for particular data

structures. The programmer (or the compiler) inserts directives into the application code to con�gure the

memory controller.

The results presented in Section 5 focus on another aspect of the Impulse controller. Since DRAM access

times constitute the majority of memory access latencies [8], Impulse prefetches data within the memory

controller to mask these DRAM latencies. Figure 1 shows the block diagram of the relevant portions of the

Impulse memory system. Prefetching is performed by the following components:

� a Remapping Controller , which includes control registers to store remapping information, a simple

ALU (AddrCalc) to translate remapped addresses, and a Memory Controller TLB (MTLB) to cache

recently used address translations.

� a Prefetch Engine that generates prefetch addresses;

� a small SRAM bu�er (the Memory Controller Cache , or MCache) that bu�ers data prefetched from

DRAM;

If a load request hits in the MCache, the memory controller can return the requested data sooner than if

it had to fetch the data from DRAM. The MCache is physically indexed and tagged. Its line size equals the
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size of a system block, the data unit transferred between processor and main memory. The MCache uses a

write-invalidate protocol. Data in the MCache can never be dirty, which means that a victim line can simply

be discarded when a con
ict occurs.

3 Prefetching in Impulse

Processor-based prefetching techniques do not necessarily adapt readily to memory-controller-based (MC-

based) or DRAM-based prefetching: some of the information available to the processor is lost to the lower

portions of the memory system, for they only see physical addresses. For instance, some of the regularity

of the address stream generated by the processor will have been lost in the virtual-to-physical translation.

This absence of information makes it more di�cult to design e�cient MC-based prefetching mechanisms.

Nonetheless, MC-based prefetching has several potential advantages over schemes that preload data onto

the processor chip. MC-based prefetching does not add complexities to the processor, does not pollute

the on-chip cache hierarchy, and does not decrease bus utilization. Furthermore, MC-based prefetching is

portable, in the sense that changing from a uniprocessor to multiprocessor or even changing the CPU cache

hierarchy requires no modi�cations to the prefetching mechanisms. This prefetching technique is independent

of changes to the processor chip, since it resides within the memory controller on the other side of the system

bus.

The price for this 
exibility is that MC-based prefetching techniques cannot hide bus arbitration and

transmission times, although modern latency-tolerant CPU designs may be able to help mask these bus-

related delays. Fortunately, the non-DRAM component of main memory access times (i.e., the number of

cycles required to arbitrate for the bus, transfer blocks of data, perform ECC, etc.) is roughly tracking

processor speeds, while DRAM cycle times are falling behind. The relative performance payo� from MC-

based prefetching should therefore grow in the future. Another possible source of latency with this technique

comes from competition for memory banks and for the memory controller's internal bus.

The pointer-prefetching technique we examine is quite simple: whenever the memory controller sees a

request for a node in a linked data structure, it prefetches all objects directly pointed by this node.

To support pointer-chasing, the MC must be able to:

� identify accesses to nodes in linked data structures,

� identify and dereference pointers, and

� translate virtual addresses to physical addresses.

The �rst step is to identify accesses to linked objects. We remap the contiguous virtual region that

contains all the linked objects to a contiguous region in the \shadow address space" composed of the (pre-

viously) unused physical addresses. Any address lying inside this shadow region is interpreted by the MC

to be an access to a link node. When the MC recognizes such an address, it prefetchs the objects pointed
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to by the referenced node. Providing the memory controller with information about link nodes is facilitated

by a special malloc() used exclusively for linked objects. If a linked object resides on the stack or in stat-

ically allocated space in the original source, the programmer or compiler must change the program to use

dynamically allocated memory from the heap. The OS reserves a large virtual region for the special malloc()

and maps it to a shadow region. Note that this process wastes no real physical memory, since the shadow

addresses are not backed by DRAM. The special malloc() then uses virtual addresses inside this region and

allocates real physical memory as requested. This scheme places all the link objects, and only those objects,

inside the virtual region reserved for this purpose.

The second step is to get the addresses of linked objects pointed to by the requested object. To compute

the addresses of pointer �elds, the MC must �rst recover the starting address of the requested object. For a

shadow address saddr inside a region [saddr start, saddr end), the starting address of the requested object

is (saddr - saddr % object size). If link nodes are a power of two in size (2x), the starting address is simply

saddr with the least x signi�cant bits cleared. The MC now needs to know which �elds contain pointers.

We investigate two methods of identifying pointer �elds | using a bit mask to indicate which words are

pointers, or representing the pointer-�eld o�sets directly. Each method has limitations on the object size

and the number of pointer �elds, depending on how many bits are devoted to the representations. In general,

the �rst method can identify more �elds, whereas the second permits bigger objects. We currently assume

that no object is larger than 128 bytes. When a link node exceeds this limit, we represent it as a collection

of appropriately sized smaller objects. In our experiments in Section 5, we use a 32-bit register to maintain

pointer location information. If the are fewer than �ve pointer �elds, we use direct o�sets, with one byte

describing pointer. Otherwise, we use a bit mask.

The values stored in the pointer �elds are virtual addresses. The MC dereferences them through the

following steps: if the pointer addresses fall inside the remapped virtual region, the MC translates them to

shadow addresses and then to physical addresses via the remapping controller, and it then issues the physical

addresses to DRAM. When the prefetched data returns, it is put into the MCache.

Figure 2 illustrates the di�erences between CPU-based and MC-based pointer prefetching. To see why

these di�erences arise, consider what happens for a typical prefetch operation under each approach. In the

case of CPU-based prefetching, the program usually issues a prefetch to the next node while it works on the

current node. It then must potentially wait for the next node to return before it can continue. After the

data returns, it issues another prefetch and continues processing. Whenever the processor requests a block,

the memory controller fetches it from DRAM and sends it back on the system bus. In a system with two

to four times more bandwidth inside the memory controller than the system bus, fetching a cache line from

DRAM takes two to eight cycles; sending a line over the system bus takes eight to sixteen cycles. This means

that in MC-based prefetching schemes, the controller can begin accessing the next nodes immediately after

the requested pointer has been fetched, even before it completes the bus transfer. Since systems usually

contain several independent DRAM banks, the MC can probably prefetch several lines into the MCache by
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Figure 2: MC-based pointer prefetching vs. CPU-based pointer prefetching. issue prefetch means a prefetch instruc-

tion is executed. start prefetch means a prefetch is being sent to the bus.

the time the system bus completes sending the requested line. Even if the processor requests a prefetched

node shortly after the previous one returns, the MC should be able to provide the data quickly.

Figure 2 assumes that the memory system returns the critical word �rst, uses 128-byte blocks, and has

an 8-byte wide bus. After a cache miss occurs, the critical word returns in six cycles if it hits in the MCache,

or in 12 cycles if it misses. (Note that all cycles in this section refer to bus cycles, not processor cycles.)

This diagram assumes that the program spends three cycles working on each node: this is an aggressive

assumption, in that it is di�cult to prefetch that quickly. For CPU-based prefetching, we also assume that

the �rst node has been prefetched successfully. Figure 2 shows that each iteration spends 22 cycles under

MC-based prefetching, whereas CPU-based prefetching needs 28 cycles per iteration.

4 Simulation Environment

Our studies use the execution-driven simulator URSIM [32] derived from RSIM [24]. URSIM models a

MIPS R10000 microprocessor [22], a split-transaction MIPS R10000 cluster bus with a snoopy coherence

protocol, and the Impulse adaptable memory system. The processor is a four-way, out-of-order superscalar

with a 64-entry instruction window. The TLB is single-cycle, fully associative, software-managed, and has

128 entries. The 32-kilobyte L1 data cache is non-blocking, write-back, virtually indexed, physically tagged,

direct-mapped, and has 32-byte lines. The 256-kilobyte L2 data cache is non-blocking, write-back, physically

indexed, physically tagged, two-way associative, and has 128-byte lines. The system supports critical word

�rst, i.e., a stalled request can continue after the �rst critical quad-word has returned. The split-transaction

bus multiplexes addresses and data, is eight bytes wide, has a three-cycle arbitration delay and a one-cycle

turn-around time. The system bus, Impulse memory controller, and DRAMs have the same clock rate, one

third of the CPU clock's. The load latency of the �rst quad-word is 16 memory cycles. An L1 cache hit

takes one cycle, and an L2 cache hit takes eight cycles.

The MTLB is con�gured to be two-way associative, with 64 entries and a one-memory-cycle lookup

latency. The memory controller cache is two-way associative and has 32 128-byte blocks. An MCache hit
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reduces memory latency by six memory cycles. The remapping controller takes one memory cycle to translate

remapped addresses. The prefetch engine can dereference one pointer per cycle if the data is stored inside

its bu�er. The DRAM system has four banks, and each two banks share a 16-byte wide bus between the

MC and DRAM.

To test the performance of MC-based pointer-chasing prefetching and to compare it with the equivalent

CPU-based approach, we run a synthetic microbenchmark traversing nodes in a large linked list or tree:

ptrhead = (NODE *) malloc(...);

Initialization;

ptr = ptrhead;

while (ptr) {

work(ptr);

ptr = ptr->next;

}

The size of each node is 16 bytes for a singly linked list or 32 bytes for tree structures. All the link nodes

are �rst allocated as an array. To initialize the structure, each node is linked to the node(s) at the same

position in the next system block (if a linked list) or blocks (if a tree). Traversing the list successively touches

one node of each block, then repeats the procedure for other nodes. Each iteration of the microbenchmark's

major loop works on the node for a period of time, then moves to the next node in the structure. In our

experiments, we vary the number of cycles spent working on each node to determine how iteration size will

a�ect the performance of di�erent prefetch algorithms. We generate software prefetching results by inserting

prefetch instructions by hand at the top of the loop.

5 Results

The performance results we present for singly linked lists, binary trees, and ternary tree are obtained through

complete simulation of the synthetic microbenchmark on URSIM. All execution times are normalized to the

execution time of the microbenchmark with no prefetching. These times do not include initialization of the

data structures. We give results for software prefetching and memory-controller based prefetching both in

isolation and in combination.
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Figure 3: Normalized execution time for singly linked lists.

Figure 3 shows the execution time for three di�erent prefetching algorithms: CPU-based software pointer

prefetching, MC-based hardware pointer prefetching, and a combination of both. CPU-based prefetching

works well when prefetch requests hit in the L2 cache. The left half of Figure 3 shows that the CPU-based

approach yields from 6% to 13% improvement for small iterations when the list contains 16K nodes. After
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Figure 4: Normalized execution time for linked list traversal when (a) each block is touched only once, and (b) each

iteration contains many integer and logical operations.

accessing the �rst node of each block, all nodes are loaded into the L2 cache, but the L1 cache is too small

to hold them all. Without software prefetching, subsequent accesses to other nodes in each block will miss

in L1 and hit in L2. With software prefetching or the combined prefetching scheme, data is moved into L1

in advance, and so all these accesses hit. The combined approach delivers the best performance for all loop

sizes.

When a prefetch has to go to memory, MC-based pointer prefetching yields better performance. For

instance, if the program accesses only one node of each block, the CPU-based approach has no e�ect, and

the MC-based approach improves performance by 17%, as shown by Figure 4(a).

Surprisingly, the CPU-based approach has almost no e�ect when prefetch requests load data from the

memory, no matter what the iteration size (shown in the right-hand graph of Figure 3). We traced the

execution instruction stream to reveal that the superscalar, out-of-order processor hides memory latency

exceptionally well. The assembly code of the major loop looks like:

# without prefetch instructions # with prefetch instructions

1: ld ptr->value ld ptr->value

loop: loop:

2: prefetch ptr->next

3: <work on ptr> <work on ptr>

4: ld ptr->next ==> ptr ld ptr->next ==> ptr

5: cmp ptr,0 cmp ptr,0

6: bne loop bne loop

7: ld ptr->value,... ld ptr->value,...

The modeled processor in URSIM has a 64-entry instruction window and is able to issue four instructions

each cycle. We assume <work on ptr> depends on ptr->value and instruction 1 results in a cache miss.

While waiting for the data of instruction 1, the instructions following will be issued until the instruction

window is full, even though these instructions cannot execute until data ptr->value is available.

For small iterations, instruction 7 can be issued before instruction 1 loads its data. When instruction

1 gets data, <work on ptr> will continue execution immediately. In theory, instructions 4 to 7 can also

continue immediately, because they do not depend on anything in <work on ptr>. The only thing that

can stop them is unavailability of functional units (the address generation unit in the MMU). Our results

show that instruction 7 can issue a read request (to load the next node in the list) in three to �ve cycles

after instruction 1 graduates. Issuing a load for the next node �ve cycles after an iteration starts essentially

prefetches a node one iteration earlier. Putting a prefetch instruction (2) at the top of each iteration actually

starts fetching the next node only three to �ve cycles early, not an entire iteration. So, for each small iteration,
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execution time is very close to the memory latency of a cache miss. The cycles spent working on each node

are almost completely hidden by the superscalar processor. On the other hand, MC-based prefetching can

successfully reduce the average memory latency by around 20%. As a result, it can e�ectively reduce the

execution time of each iteration by the same percentage.

For large iterations, instruction 1 will have graduated when instruction 7 is issued. Since instruction 7

does not depend on any values generated during <work on ptr>, it can issue a load instantly. In this case,

the number of memory cycles that can be hidden depends on the cycles required to execute all instructions

before instruction 7 in the instruction window. In the microbenchmark, most of the work on each node

involves double-precision, 
oating-point operations, and thus more than half of the instruction window

contains 
oating-point instructions. A sequence of 32 or more 
oating-point instructions easily takes more

than the average memory latency (e.g., division takes 12 cycles, with a 14-cycle repeat rate). The data for

the next iteration will be ready before the current iteration ends. As a result, there is not much room for

improvement from pointer prefetching. The numbers in Figure 3 show that neither approach yields signi�cant

improvements on large iterations. An addition/subtraction or a logical operation �nishes in a couple of cycles,

so a sequence of 64 of these operations is unlikely to exceed the memory latency. Prefetching should be useful

for such integer streams.

Figure 4(b) shows results for a large loop consisting of hundreds of integer additions/subtractions and

logical operations. For these linked-list experiments, all three prefetching approaches deliver good speedups.

CPU-based prefetching can hide more latency than MC-based prefetching, which cannot hide delays on the

system bus.
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Figure 5: Normalized execution time for binary tree.
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Figure 6: Normalized execution time for ternary tree.

Figure 5 and Figure 6 show performance results for traversing a binary or ternary tree. For the biggest

iterations, the total latency of three overlapped memory accesses is still less than the number of cycles spent

working on each node. As a result, the memory latency can be completely hidden, and neither approach
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has an impact. CPU-based greedy prefetching and the combined approach dramatically slows down small

iterations. The execution time of a small iteration is now essentially the total memory latency of two (for

binary tree) or three (for ternary tree) cache misses. In contrast, MC-based prefetching delivers constant

speedups for small iterations. The performance of 16K-node lists is strongly a�ected by cache pollution. For

the ternary tree, two-thirds of the CPU's prefetches are useless. Consequently, it su�ers the most from cache

pollution due to prefetching.

6 Conclusions and Future Work

We have presented initial results for a greedy, memory-controller based pointer prefetching technique: when-

ever the memory controller sees a request for a node in a linked data structure, it prefetches all objects

directly pointed by the this node. Our experiments use a modern, superscalar processor similar to the MIPS

R10000 to evaluate its performance and to compare it with an equivalent software approach.

Our results show that MC-based prefetching achieves a consistant 20% improvement for linked data

structures accessed within medium to short loop iterations, outperforming the CPU-based software approach.

Our experiments also reveal that the superscalar processor can successfully hide memory latency for linked

data structures accessed within large loop iterations, which leaves little room for performance improvement

from pointer prefetching.

Future work will further investigate MC-based pointer prefetching schemes, comparing them with more

sophisticated, CPU-based pointer prefetching algorithms such as jump pointers and prefetch arrays. These

studies will expand our benchmark suite to include pointer-intensive, whole-program benchmarks (such as

those containing a large number of short lists). We will explore the potential of software-directed MC-based

prefetching, in which the processor controls when data is loaded into the Mcache. Such an approach seems

particularly promising, as it not only avoids the negative impacts of normal CPU prefetching on system bus

and cache resources, but it e�ectively reduces the memory latency.
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