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Using a User-Level Memory Thread for Correlation
Prefetching

Main Idea: add a processor to either the memory controller or DRAM
module to prefetch data into the L2 cache

By adding a processor to perform Memory-side prefetching, one can
implement application-specific prefetching schemes

Advantages of Memory-side prefetching:

minimal changes need to be made to processor
off critical-path for cache hits
can store necessary state in memory
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Design Considerations

Why fetch to L2, not L1 cache?

Requires less changes to the processor
L2 cache is bigger so evicting relevant data (cache conflicts) are not as
big of a concern
prefetcher can be slower since L2 cache accesses are more rare, yet still
provides important performance improvements

Why embed processor to prefetch instead of custom hardware?
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Correlation Prefetching

Idea: “learn” sequences of misses and prevent them from happening
in the future

When a miss occurs, record subsequent misses in table

The next time a miss to the same address occurs, prefetch misses
recorded from previous executions

Effective for handling irregular accesses to memory
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Correlation Prefetching Example

Code Sequence: A

,B,C,A,D,C

Tag Succ L1

A

B D
B C
C A
D C
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Correlation Prefetching Issues

This has been implemented in hardware before, but there are issues:

Table is too small. Can easily have bad information

Still have misses

Improvement: Chain together different Tag entries

Still can have bad information

Takes long time to determine what to prefetch
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Advanced Correlation Prefetching

Insight: Since prefetching processor is storing its state is main memory,
one can create large tables without significant overheads.

Instead of chaining, store multiple levels for each tag

Maintain pointers to lessen overhead of recording miss addresses to
multiple locations in the table

On miss, prefetch all addresses associated with a tag
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Advanced Correlation Prefetching Example

Code Sequence: A

,B,C,A,D,C

Tag Succ L1 Succ L2

A

B D C
B C A
C A D
D C
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Advanced Correlation Prefetching Example

Code Sequence: A,B,C,A,D,C

Tag Succ L1 Succ L2

A B D C
B C A
C A D
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Configuration

Prefetching Algorithm Implementation Name Parameter Values

Base Base NumSucc = 4, Assoc=4
Chain Chain NumSucc = 2, Assoc=2, NumLevels=3
Replicated Software in memory as ULMT Repl NumSucc = 2, Assoc=2, NumLevels=3
Sequential 1-Streams Seq1 NumSucc = 1, NumPref=6
Sequential 4-Streams Seq4 NumSucc = 4, NumPref=6
Sequential 4-Streams Hardware in L1 of main processor Conven4 NumSucc = 4, NumPref=6

NumRows is large enough such that less than 5% of insertions replace
an existing entry
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Performance Considerations

Issues to consider when evaluating performance

Coverage

Response Time

Occupancy Time

Cache Miss Frequency

Comparison with Simplier Prefetching Strategies

Main Memory Bus Utilization
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Coverage
Prefetching Algorithm Implementation Name Parameter Values
Base Base NumSucc = 4, Assoc = 4
Chain Chain NumSucc = 2, Assoc = 2, NumLevels = 3
Replicated Software in memory as ULMT Repl NumSucc = 2, Assoc = 2, NumLevels = 3
Sequential 1-Stream Seq1 NumSeq = 1, NumPref = 6
Sequential 4-Streams Seq4 NumSeq = 4, NumPref = 6
Sequential 4-Streams Hardware in L1 of main processor Conven4 NumSeq = 4, NumPref = 6

Table 4. Parameter values used for the different algorithms.
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Figure 5. Fraction of L2 cache misses that are correctly predicted by different algorithms for different levels of successors.

tions, for level 1, Chain and Repl are equivalent to Base. For levels
2 and 3, Base is not applicable. The figure also shows the effect of
combining algorithms.

Figure 5 shows that our ULMT algorithms can effectively predict the
miss streams of the applications. For example, at level 1, Seq4 and
Base correctly predict on average 49% and 82% of the misses, re-
spectively. Moreover, the best algorithms keep predicting correctly
across several levels of successors. For example, Repl correctly pre-
dicts on average 77% and 73% of the misses for levels 2 and 3, re-
spectively. Therefore, these algorithms have good potential.

The figure also shows that different applications have different miss
behavior. For instance, applications such as Mcf and Tree do not
have sequential patterns and, therefore, only pair-based algorithms
can predict misses. In other applications such as CG, instead, se-
quential patterns dominate. As a result, sequential prefetching can
predict practically all L2 misses. Most applications have a mix of
both patterns.

Among pair-based algorithms, Repl almost always outperforms
Chain by a wide margin. This is because Chain does not maintain
the true MRU successors at each level. However, while Repl is effec-
tive under all patterns, it is better when combined with multi-stream
sequential prefetching (Seq4+Repl).

Time Between L2 Misses. Another important issue is the time be-
tween L2misses. Figure 6 classifies L2 misses according to the num-
ber of cycles between two consecutive misses arriving at the mem-
ory. The misses are grouped in bins corresponding to [0,80) cycles,
[80,200) cycles, etc. The unit is 1.6 GHz processor cycles.

The most significant bin is [200,280), which contributes with 60% of
all miss distances on average. These misses are critical beyond their
numbers because their latencies are hard to hide with out-of-order
execution. Indeed, since the round-trip latency to memory is 208-243
cycles, dependent misses are likely to fall in this bin. They contribute

more to processor stall than the figure suggests because dependent
misses cannot be overlapped with each other. Consequently, we want
the ULMT to prefetch them. To make sure that the ULMT is fast
enough to learn these misses, its occupancy should be less than 200
cycles.

The misses in the other bins are fewer and less critical. Those in
[280, ) are too far apart to put pressure on the ULMT’s timing.
Those in [0,80) may not give enough time to the ULMT to respond.
Fortunately, these misses are more likely to be overlapped with each
other and with computation.
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Figure 6. Characterizing the time between L2 misses.

5.2. Comparing the Different Algorithms
Figure 7 compares the execution time of the applications under dif-
ferent cases: no prefetching (NoPref), processor-side prefetching as
listed in Table 4 (Conven4), different ULMT schemes listed in Ta-
ble 4 (Base, Chain, and Repl), the combination of Conven4 and Repl
(Conven4+Repl), and some customized algorithms (Custom). The
results are for the case where the memory processor is integrated
in the DRAM. For each application and the average, the bars are
normalized to NoPref. The bars show the memory-induced proces-
sor stall time that is caused by requests between the processor and
the L2 cache (UptoL2), and by requests beyond the L2 cache (Be-
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Response/Occupancy Time Considerations

Prefetching Phase Learning Phase

Miss address
obtained

Prefetch addresses
produced

Prefetcher
free

Response Time

Occupancy Time

Ideal algorithm:

lowest reponse time

occupancy time < time between misses
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Cache Miss Frequency

Prefetching Algorithm Implementation Name Parameter Values
Base Base NumSucc = 4, Assoc = 4
Chain Chain NumSucc = 2, Assoc = 2, NumLevels = 3
Replicated Software in memory as ULMT Repl NumSucc = 2, Assoc = 2, NumLevels = 3
Sequential 1-Stream Seq1 NumSeq = 1, NumPref = 6
Sequential 4-Streams Seq4 NumSeq = 4, NumPref = 6
Sequential 4-Streams Hardware in L1 of main processor Conven4 NumSeq = 4, NumPref = 6

Table 4. Parameter values used for the different algorithms.

Level 1

0
10
20
30
40
50
60
70
80
90

100

CG Equake FT Gap Mcf MST Parser Sparse Tree Average

%
 C

or
re

ct
 

P
re

di
ct

io
n Seq1

Seq4

Base

Seq4+Base
0

20

100
80
60
40

Level 2

0
10
20
30
40
50
60
70
80
90

100

CG Equake FT Gap Mcf MST Parser Sparse Tree Average

%
 C

or
re

ct
 

P
re

di
ct

io
n

Seq1

Seq4

Chain

Repl

Seq4+Repl
0

20

100
80
60
40

Level 3

0
10
20
30
40
50
60
70
80
90

100

CG Equake FT Gap Mcf MST Parser Sparse Tree Average

%
 C

or
re

ct
 

P
re

di
ct

io
n

Seq1

Seq4

Chain

Repl

Seq4+Repl
0

20

100
80
60
40
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tions, for level 1, Chain and Repl are equivalent to Base. For levels
2 and 3, Base is not applicable. The figure also shows the effect of
combining algorithms.

Figure 5 shows that our ULMT algorithms can effectively predict the
miss streams of the applications. For example, at level 1, Seq4 and
Base correctly predict on average 49% and 82% of the misses, re-
spectively. Moreover, the best algorithms keep predicting correctly
across several levels of successors. For example, Repl correctly pre-
dicts on average 77% and 73% of the misses for levels 2 and 3, re-
spectively. Therefore, these algorithms have good potential.

The figure also shows that different applications have different miss
behavior. For instance, applications such as Mcf and Tree do not
have sequential patterns and, therefore, only pair-based algorithms
can predict misses. In other applications such as CG, instead, se-
quential patterns dominate. As a result, sequential prefetching can
predict practically all L2 misses. Most applications have a mix of
both patterns.

Among pair-based algorithms, Repl almost always outperforms
Chain by a wide margin. This is because Chain does not maintain
the true MRU successors at each level. However, while Repl is effec-
tive under all patterns, it is better when combined with multi-stream
sequential prefetching (Seq4+Repl).

Time Between L2 Misses. Another important issue is the time be-
tween L2misses. Figure 6 classifies L2 misses according to the num-
ber of cycles between two consecutive misses arriving at the mem-
ory. The misses are grouped in bins corresponding to [0,80) cycles,
[80,200) cycles, etc. The unit is 1.6 GHz processor cycles.

The most significant bin is [200,280), which contributes with 60% of
all miss distances on average. These misses are critical beyond their
numbers because their latencies are hard to hide with out-of-order
execution. Indeed, since the round-trip latency to memory is 208-243
cycles, dependent misses are likely to fall in this bin. They contribute

more to processor stall than the figure suggests because dependent
misses cannot be overlapped with each other. Consequently, we want
the ULMT to prefetch them. To make sure that the ULMT is fast
enough to learn these misses, its occupancy should be less than 200
cycles.

The misses in the other bins are fewer and less critical. Those in
[280, ) are too far apart to put pressure on the ULMT’s timing.
Those in [0,80) may not give enough time to the ULMT to respond.
Fortunately, these misses are more likely to be overlapped with each
other and with computation.
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5.2. Comparing the Different Algorithms
Figure 7 compares the execution time of the applications under dif-
ferent cases: no prefetching (NoPref), processor-side prefetching as
listed in Table 4 (Conven4), different ULMT schemes listed in Ta-
ble 4 (Base, Chain, and Repl), the combination of Conven4 and Repl
(Conven4+Repl), and some customized algorithms (Custom). The
results are for the case where the memory processor is integrated
in the DRAM. For each application and the average, the bars are
normalized to NoPref. The bars show the memory-induced proces-
sor stall time that is caused by requests between the processor and
the L2 cache (UptoL2), and by requests beyond the L2 cache (Be-
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Figure 10. Average response and occupancy time of different
ULMT algorithms in main-processor cycles.

of instructions divided by the number of memory processor cycles.

The figure shows that, in all the algorithms, the occupancy time is
less than 200 cycles. Consequently, the ULMT is fast enough to
process most of the L2 misses (Figure 6). Memory stall time is
roughly half of the ULMT execution time when the processor is in
the DRAM, and more when the processor is in the North Bridge chip
(ReplMC). Chain and Repl have the lowest occupancy time. Note
that Repl’s occupancy is not much higher than Chain’s, despite the
higher number of table updates performed by Repl. The reasons are
the fewer associative searches and the better cache line reuse in Repl.

The response time is most important for prefetching effectiveness.
The figure shows that Repl has the lowest response time, at around
30 cycles. The response time of ReplMC is about twice as much.
Fortunately, the Replicated algorithm is able to prefetch far ahead
accurately and, therefore, the effectiveness of prefetching is not very
sensitive to a modest increase in the response time.

Main Memory Bus Utilization. Finally, Figure 11 shows the uti-
lization of the main memory bus for various algorithms, averaged
over all applications. The increase in bus utilization induced by the
advanced algorithms is divided into two parts: increase caused nat-
urally by the reduced execution time, and additional increase caused
by the prefetching traffic. Overall, the figure shows that the increase
in bus utilization is tolerable. The utilization increases from the orig-
inal 20% to only 36% in the worst case (Conven4+Repl). Moreover,
most of the increase comes from the faster execution; only a 6% uti-
lization is directly attributable to the prefetches. In general, the fact
that memory-side prefetching only adds one-way traffic to the main
memory bus, limits its bandwidth needs.
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Figure 11.Main memory bus utilization.

6. Related Work
Memory-Side Prefetching. Some memory-side prefetchers are
simple hardware controllers. For example, the NVIDIA chipset in-
cludes the DASP controller in the North Bridge chip [22]. It seems
that it is mostly targeted to stride recognition and buffers data lo-
cally. The i860 chipset from Intel is reported to have a prefetch
cache, which may indicate the presence of a similar engine. Cooksey
et al. [9] propose the Content-Based prefetcher, which is a hardware

controller that monitors the data coming from memory. If an item
appears to be an address, the engine prefetches it. Alexander and Ke-
dem [1] propose a hardware controller that monitors requests at the
main memory. If it observes repeatable patterns, it prefetches rows
of data from the DRAM to an SRAM buffer inside the memory chip.
Overall, our scheme is different in that we use a general-purpose
processor running a prefetching algorithm as a user-level thread.

Other studies propose specialized programmable engines. For exam-
ple, Hughes [11] and Yang and Lebeck [28] propose adding a spe-
cialized engine to prefetch linked data structures. While Hughes fo-
cuses on a multiprocessor processing-in-memory system, Yang and
Lebeck focus on a uniprocessor and put the engine at every level
of the cache hierarchy. The main processor downloads information
on these engines about the linked structures and what prefetches to
perform. Our scheme is different in that it has general applicability.

Another related system is Impulse, an intelligent memory controller
capable of remapping physical addresses to improve the performance
of irregular applications [4]. Impulse could prefetch data, but only
implements next-line prefetching. Furthermore, it buffers data in the
memory controller, rather than sending it to the processor.

Correlation Prefetching. Early work on correlation prefetching can
be found in [2, 24]. More recently, several authors have made fur-
ther contributions. Charney and Reeves study correlation prefetching
and suggest combining a stride prefetcher with a general correlation
prefetcher [6]. Joseph and Grunwald propose the basic correlation
table organization and algorithm that we evaluate [12]. Alexander
and Kedem use correlation prefetching slightly differently [1], as we
indicate above. Sherwood et al. use it to help stream buffers prefetch
irregular patterns [26]. Finally, Lai et al. design a slightly different
correlation prefetcher [18]. Specifically, a prefetch is not triggered
by a miss; instead, it is triggered by a dead-line predictor indicat-
ing that a line in the cache will not be used again and, therefore, a
new line should be prefetched in. This scheme improves prefetching
timeliness at the expense of tighter integration of the prefetcher with
the processor, since the prefetcher needs to observe not only miss
addresses, but also reference addresses and program counters.

We differ from the recent works in important ways. First, they pro-
pose hardware-only engines, which often require expensive hard-
ware tables; we use a flexible user-level thread on a general-purpose
core that stores the table as a software structure in memory. Second,
except for Alexander and Kedem [1], they place their engines be-
tween the L1 and L2 caches, or between the processor and the L1;
we place the prefetcher in memory and focus on L2 misses. Time
intervals between L2 misses are large enough for a ULMT to be vi-
able and effective. Finally, we propose a new table organization and
prefetching algorithm that, by exploiting inexpensive memory space,
increases far-ahead prefetching and prefetch coverage.

Prefetching Regular Structures. Several schemes have been pro-
posed to prefetch sequential or strided patterns. They include the
Reference Prediction table of Chen and Baer [7], and the Stream
buffers of Jouppi [13], Palacharla and Kessler [23], and Sherwood et
al. [26]. We base our processor-side prefetcher on these schemes.

Processor-Side Prefetching. There are many more proposals for
processor-side prefetching, often for irregular applications. A tiny,
non-exhaustive list includes Choi et al. [8], Karlsson et al. [14], Li-
pasti et al. [19], Luk and Mowry [20], Roth et al. [25], and Zhang
and Torrellas [29]. Most of these schemes specifically target linked
data structures. They tend to rely on program information that is
available to the processor, like the addresses and sizes of data struc-
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Execution Time
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Figure 7. Execution time of the applications with different prefetching algorithms.

yondL2). The remaining time (Busy) includes processor computation
plus other pipeline stalls. A system with a perfect L2 cache would
only have the Busy and UptoL2 times.

On average, BeyondL2 is the most significant component of the ex-
ecution time under NoPref. It accounts for 44% of the time. Thus,
although our ULMT schemes only target L2 cache misses, they tar-
get the main contributor to the execution time.

Conven4 performs very well on CG because sequential patterns dom-
inate. However, it is ineffective in applications such as Mcf and Tree
that have purely irregular patterns. On average, Conven4 reduces the
execution time by 17%.

The pair-based schemes show mixed performance. Base shows lim-
ited speedups, mostly because it does not prefetch far enough. On
average, it reduces NoPref’s execution time by 6%. Chain performs
a little better, but it is limited by inaccuracy (Figure 5) and high
response time (Section 3.3.1). On average, it reduces NoPref’s exe-
cution time by 12%.

Repl is able to reduce the execution time significantly. It performs
well in almost all applications. It outperforms both Base and Chain
in all cases. Its impact comes from the nice properties of the Repli-
cated algorithm, as discussed in Section 3.3.4. The average of the
application speedups of Repl over NoPref is 1.32.

Finally, Conven4+Repl performs the best. On average, it removes
over half of the BeyondL2 stall time, and delivers an average ap-
plication speedup of 1.46 over NoPref. If we compare the im-
pact of processor-side prefetching only (Conven4) and memory-side
prefetching only (Repl), we see that they have a constructive effect in
Conven4+Repl. The reason is that the two schemes help each other.
Specifically, the processor-side prefetcher prefetches and eliminates
the sequential misses. The memory-side prefetcher works in Non-
Verbose mode (Section 3.2) and, therefore, does not see the prefetch
requests. Therefore, it can fully focus on the irregular miss patterns.
With the resulting reduced load, the ULMT is more effective.

Algorithm Customization. In this first paper on ULMT prefetch-
ing, we have attempted only very simple customization for a few ap-
plications. Table 5 shows the changes. For CG, we run Seq1+Repl in

Verbose mode. For MST and Mcf, we run Repl with a higher Num-
Levels. In all cases, Conven4 is on. The results are shown in Figure 7
as the Custom bar in the three applications.

Application Customized ULMT Algorithm
CG Seq1+Repl in Verbose mode
MST,Mcf Repl with NumLevels = 4

Table 5. Customizations performed. Conven4 is also on.

The customization in CG tries to further exploit positive interac-
tion between processor- and memory-side prefetching. While CG
only has sequential miss patterns (Figure 5), its multiple streams
overwhelm the conventional prefetcher. Indeed, although processor-
side prefetches are very accurate (99.8% of the prefetched lines are
referenced), they are not timely enough (only 64% are timely) be-
cause some of them miss in the L2 cache. In our customization, we
turn on the Verbose mode so that processor-side prefetch requests
are seen by the ULMT. Furthermore, the ULMT is extended with a
single-stream sequential prefetch algorithm (Seq1) before executing
Repl. In this environment, the positive interaction between the two
prefetchers increases. Specifically, while the application references
the different streams in an interleaved manner, the processor-side
prefetcher ”unscrambles” the miss sequence into chunks of same-
stream prefetch requests. The Seq1 prefetcher in the ULMT then
easily identifies each stream and, very efficiently, prefetches ahead.
As a result, 81% of the processor-side prefetches arrive in a timely
manner. With this customization, the speedup of CG improves from
2.19 (with Conven4+Repl) to 2.59. This case demonstrates that even
regular applications that are amenable to sequential processor-side
prefetching can benefit from ULMT prefetching.

The customization in MST and Mcf tries to exploit predictability
beyond the third level of successor misses by setting NumLevels to 4
in Repl. As shown in Figure 7, this approach is successful for MST,
but it produces marginal gains in Mcf.

Overall, this initial attempt at customization shows promising re-
sults. After applying customization on three applications, the av-
erage execution speedup of the nine applications relative to NoPref
becomes 1.53.
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Figure 8. Execution time for different locations of the memory processor.

Location of Memory Processor. Figure 8 examines the impact of
where we place the memory processor (Figure 3). The first two
bars for each application are taken from Figure 7: NoPref and Con-
ven4+Repl. The last bar for each application corresponds to the
Conven4+Repl algorithm with the memory processor placed in the
memory controller (North Bridge) chip (Conven4+ReplMC). With
the processor in the North Bridge chip, we have twice the memory
access latency (100 cycles vs. 56 cycles), eight times lower memory
bandwidth (3.2 GB/sec vs. 25.6 GB/sec), and an additional 25-cycle
delay seen by the prefetch requests before they reach the DRAM .
However, Figure 8 shows that the impact on the execution time is
very small. It results in a small decrease in average speedups from
1.46 to 1.41. The impact is small thanks to the ability of Repl to
accurately prefetch far ahead. Only the timeliness of the immedi-
ate successor prefetches is affected, while the prefetching of further
levels of successors is still timely. Overall, given these results and
the hardware cost of the two designs, we conclude that putting the
memory processor in the North Bridge chip is the most cost-effective
design of the two.

Prefetching Effectiveness. To gain further insight into these
prefetching schemes, Figure 9 examines the effectiveness of the
lines prefetched into the L2 cache by the ULMT. These lines are
called prefetches. The figure shows data for Sparse, Tree, and the
average of the other seven applications. The figure combines both
L2 misses and prefetches, and breaks them down into 5 categories:
prefetches that eliminate an L2 miss (Hits), prefetches that elimi-
nate part of the latency of an L2 miss because they arrive a bit late
(DelayedHits), L2 misses that pay the full latency (NonPrefMisses),
and useless prefetches. Useless prefetches are further broken down
into prefetches that are brought into the L2 but that are not refer-
enced by the time they are replaced (Replaced), and prefetches that
are dropped on arrival to L2 because the same line is already in the
cache (Redundant). Since Coverage is the fraction of the original L2
misses that are fully or partially eliminated, it is represented by the
sum of Hits and DelayedHits as shown in Figure 9. NonPrefMisses
in Figure 9 is the number of L2 misses left after prefetching, rela-
tive to the original number of L2 misses. Note that NonPrefMisses
can be higher than 1.0 for some algorithms. 1.0 NonPrefMisses is
the number of L2 misses eliminated relative to the original number
of L2 misses. NonPrefMisses can be broken down into two groups:
those misses below the 1.0 line in Figure 9 (1.0 Hits Delayed-
Hits) come from the original misses, while those above the 1.0 line
(Hits DelayedHits NonPrefMisses 1.0) are the new L2 con-
flict misses caused by prefetches.

Looking at the average of the seven applications, we see why Base
and Chain are not effective: their coverage is small. Base is hurt

All these cycle counts are in main-processor cycles.
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Figure 9.Breakdown of the L2 misses and lines prefetched by
the ULMT (prefetches). The original misses are normalized
to 1.

by its inability to prefetch far ahead, while Chain is hampered by its
high response time and limited accuracy. The figure also shows that
Repl has a high coverage (0.74). However, this comes at the cost of
useless prefetches (Replaced plus Redundant are equivalent to 50%
of the original misses) and additional misses due to conflicts with
prefetches (20% of the original misses). We can see, therefore, that
advanced pair-based schemes need additional bandwidth.

Conven4+Repl seems to have low coverage, despite its high per-
formance in Figure 7. The reason is that the prefetch requests
issued by the processor-side prefetcher, while effective in elim-
inating L2 misses, are lumped into the NonPrefMisses category
in the figure if they reach memory. Since the ULMT prefetcher
is in Non-Verbose mode, it does not see these requests. Conse-
quently, the ULMT prefetcher only focuses on the irregular miss
patterns. ULMT prefetches that eliminate irregular misses appear
as Hits+DelayedHits.

Finally, Figure 9 also shows why Sparse and Tree showed limited
speedups in Figure 7. They have too many conflicts in the cache,
which results in many remaining NonPrefMisses. Furthermore, their
prefetches are not very accurate, which results in large Replaced and
Redundant categories.

Work Load of the ULMT. Figure 10 shows the average response
time and occupancy time (Section 3.1) for each of the ULMT algo-
rithms, averaged over all applications. The times are measured in 1.6
GHz cycles. Each bar is broken down into computation time (Busy)
and memory stall time (Mem). The numbers on top of each bar show
the average IPC of the ULMT. The IPC is calculated as the number
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Figure 8. Execution time for different locations of the memory processor.

Location of Memory Processor. Figure 8 examines the impact of
where we place the memory processor (Figure 3). The first two
bars for each application are taken from Figure 7: NoPref and Con-
ven4+Repl. The last bar for each application corresponds to the
Conven4+Repl algorithm with the memory processor placed in the
memory controller (North Bridge) chip (Conven4+ReplMC). With
the processor in the North Bridge chip, we have twice the memory
access latency (100 cycles vs. 56 cycles), eight times lower memory
bandwidth (3.2 GB/sec vs. 25.6 GB/sec), and an additional 25-cycle
delay seen by the prefetch requests before they reach the DRAM .
However, Figure 8 shows that the impact on the execution time is
very small. It results in a small decrease in average speedups from
1.46 to 1.41. The impact is small thanks to the ability of Repl to
accurately prefetch far ahead. Only the timeliness of the immedi-
ate successor prefetches is affected, while the prefetching of further
levels of successors is still timely. Overall, given these results and
the hardware cost of the two designs, we conclude that putting the
memory processor in the North Bridge chip is the most cost-effective
design of the two.

Prefetching Effectiveness. To gain further insight into these
prefetching schemes, Figure 9 examines the effectiveness of the
lines prefetched into the L2 cache by the ULMT. These lines are
called prefetches. The figure shows data for Sparse, Tree, and the
average of the other seven applications. The figure combines both
L2 misses and prefetches, and breaks them down into 5 categories:
prefetches that eliminate an L2 miss (Hits), prefetches that elimi-
nate part of the latency of an L2 miss because they arrive a bit late
(DelayedHits), L2 misses that pay the full latency (NonPrefMisses),
and useless prefetches. Useless prefetches are further broken down
into prefetches that are brought into the L2 but that are not refer-
enced by the time they are replaced (Replaced), and prefetches that
are dropped on arrival to L2 because the same line is already in the
cache (Redundant). Since Coverage is the fraction of the original L2
misses that are fully or partially eliminated, it is represented by the
sum of Hits and DelayedHits as shown in Figure 9. NonPrefMisses
in Figure 9 is the number of L2 misses left after prefetching, rela-
tive to the original number of L2 misses. Note that NonPrefMisses
can be higher than 1.0 for some algorithms. 1.0 NonPrefMisses is
the number of L2 misses eliminated relative to the original number
of L2 misses. NonPrefMisses can be broken down into two groups:
those misses below the 1.0 line in Figure 9 (1.0 Hits Delayed-
Hits) come from the original misses, while those above the 1.0 line
(Hits DelayedHits NonPrefMisses 1.0) are the new L2 con-
flict misses caused by prefetches.

Looking at the average of the seven applications, we see why Base
and Chain are not effective: their coverage is small. Base is hurt

All these cycle counts are in main-processor cycles.

0

0.5

1

1.5

2

2.5

3

3.5
N

oP
re

f

Ba
se

C
ha

in

R
ep

l

C
on

ve
n4

+R
ep

l

C
on

ve
n4

+R
ep

lM
C

N
oP

re
f

Ba
se

C
ha

in

R
ep

l

C
on

ve
n4

+R
ep

l

C
on

ve
n4

+R
ep

lM
C

N
oP

re
f

Ba
se

C
ha

in

R
ep

l

C
on

ve
n4

+R
ep

l

C
on

ve
n4

+R
ep

lM
C

Sparse Tree Average for 7
applications other than

Sparse and Tree

L2
m

is
s+

Pr
ef

Hits DelayedHits NonPrefMisses Replaced Redundant

Figure 9.Breakdown of the L2 misses and lines prefetched by
the ULMT (prefetches). The original misses are normalized
to 1.

by its inability to prefetch far ahead, while Chain is hampered by its
high response time and limited accuracy. The figure also shows that
Repl has a high coverage (0.74). However, this comes at the cost of
useless prefetches (Replaced plus Redundant are equivalent to 50%
of the original misses) and additional misses due to conflicts with
prefetches (20% of the original misses). We can see, therefore, that
advanced pair-based schemes need additional bandwidth.

Conven4+Repl seems to have low coverage, despite its high per-
formance in Figure 7. The reason is that the prefetch requests
issued by the processor-side prefetcher, while effective in elim-
inating L2 misses, are lumped into the NonPrefMisses category
in the figure if they reach memory. Since the ULMT prefetcher
is in Non-Verbose mode, it does not see these requests. Conse-
quently, the ULMT prefetcher only focuses on the irregular miss
patterns. ULMT prefetches that eliminate irregular misses appear
as Hits+DelayedHits.

Finally, Figure 9 also shows why Sparse and Tree showed limited
speedups in Figure 7. They have too many conflicts in the cache,
which results in many remaining NonPrefMisses. Furthermore, their
prefetches are not very accurate, which results in large Replaced and
Redundant categories.

Work Load of the ULMT. Figure 10 shows the average response
time and occupancy time (Section 3.1) for each of the ULMT algo-
rithms, averaged over all applications. The times are measured in 1.6
GHz cycles. Each bar is broken down into computation time (Busy)
and memory stall time (Mem). The numbers on top of each bar show
the average IPC of the ULMT. The IPC is calculated as the number
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Implementation Considerations

Does this idea sound practical? What are potential hurdles in
implementing this prefetching scheme?

multiple programs/threads/cores
inaccurate information due to cache misses disappearing
hard to add processor to memory (different silicon technology)
on DRAM with multiple chips it is not clear where to put the processor
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Summary

Strengths:

considers a lot of different scenarios

achieves very respectable speedups

minimal changes necessary to the processor

Weaknesses:

Only prefetches to L2

Processor-in-Memory ideas have been floated around a lot, but never
seem to happen

Unclear what the interaction with the OS would be
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