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Abstract improvement despite the faster clock and wider pipeline. To
address this problem, a lot of research has been done for
With faster CPU clocks and wider pipelines, all relevant scaling the issue queue, register file, and cache hierarchy; yet
microarchitecture components should scale accordingly. nothing has been done for scaling the load/store queue. In
There have been many proposals for scaling the issue queuefact, the technigues proposed for scaling the issue queue,
register file, and cache hierarchy. However, nothing has beenregister file, and cache hierarchy increase not only the num-
done for scaling the load/store queue, despite the increasingber of in-flight instructions but also the overlap among
pressure on the load/store queue in terms of capacity andinstructions [8,7,5]. These techniques greatly increase the
search bandwidth. The load/store queue is a CAM structure demand for botthigher capacityand higher search band-
which holds in-flight memory instructions and supports widthin the load/store queue.
simultaneous searches to honor memory dependencies and  The load/store queue is a CAM structure that supports
memory consistency models. Therefore, it is difficult to scalesimultaneous associative searches to honor memory depen-
the load/store queue. dencies and memory consistency models. Consequently, it is
In this study, we introduce novel techniques to scale the extremely difficult to scale the capacity and bandwidth of the
load/store queue. We propose two techniques, store-loadload/store queue. Brute-force approaches to scaling the load/
pair predictor and load buffer, to reduce the search band- store queue are not likely to work.
width requirement; and one technique, segmentation, to In a modern processor, the load/store queue is imple-
scale the size. We show that a load/store queue using oummented as two separate queues and has three functions: (1)
predictor and load buffer needs only one port to outperform The load/store queue buffers and maintains all in-flight
a conventional two-ported load/store queue. Compared to memory instructions in program order. (2) The load/store
the same base case, segmentation alone achieves speedugseue supports associative searches to honor memory
of 5% for integer benchmarks and 19% for floating point dependence. A load searches #tere queueo obtain the
benchmarks. A one-ported load/store queue using all of our most recent store value, and a store searche#tkequeue
techniques improves performance on average by 6% andto find any premature loadstpre-load order violatioh (3)
23%, and up to 15% and 59%, for integer and floating-point In some processors, the load/store queue supports associa-
benchmarks, respectively, over a two-ported conventionaltive searches to enforce memory consistency (in shared-

load/store queue. memory multiprocessors). Specifically, the ordering among
) loads that access the same address is an important special
1 Introduction case. If this ordering is relaxed, subtle correctness problems

arise: if two loads to the same address are issued out of order

In a modgrn out-of-order microproceSSOf, the load/store 54 the value is changed by another processor in between the
queue is designed to absorb bursts in cache accesses and {Q |0ads [1], the later load will obtain an earlier value

maintain the order of memory operations by keeping all in- \yhereas the earlier load will obtain a later value. To avoid
flight memory instructions in program order. As CPU clocks g problem, some processors (e.g., Alpha [3] and POWERA4
become faster, wire delays to the cache hierarchy WOISer10]) guarantee load-load ordering for loads to the same

and the processor-memory performance gap widens. As &,qqress. For this guarantee, a load searches the load queue to

result, there are more in-flight memory instructions in the ¢4 any out-of-order-issued load#ogd-load order viola-
pipeline, increasing the pressure on the load/store queueign).

Therefore, we neefligher capacityin the load/store queue. In this paper, we propose three techniques to scale the
In addition, modern microprocessors employ wider issue for o5 4/store queue; two of these techniques reduce the search

higher performance, requiringigher search bandwidtin bandwidth demand on the load/store queue, and the other
the load/store queue to allow more memory instructions to technique increases the capacity of the load/store queue.
overlap. We use two key observations to reduce the search band-

With faster processor clocks and wider pipelines, all rél- yigih demand. First, previous studies show that store-load
evant microarchitecture components should scale accordyger yiplations are highly predictable and infrequent [6, 2].
ingly. Otherwise, the processor performance will show little They use this observation to reduce the number of pipeline
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squashes due to store-load order violations, while allowing  Store queue Load queue

out-of-order memory operations as much as possible. While SO A by store A

they show that store-load order violations are rare, we ‘ 5ad B 1 | by load B
observe that not only are the violations rare but a majority of Store T | |

stores and loads do not even access the same address. We use load D

this observation to reduce the search bandwidth demand on ' by load D v

the store queueWe use the store-set predictor from [2] to - — —» Search for the latest store value
predict store-load dependencies. If a load is predicted to be ———> Search for a store-load order violation
independent of any preceding stores, the load will not search —® Search for a load-load order violation

the store queue. If there is a dependent earlier store, then the Figure 1: Searches in the Id/st queue.
prediction is wrong. Consequently, when the store completes,
it will squash the load and subsequent instructions. perform a two-ported, conventional load/store queue. Com-

Second, we observe that in order to detect a load-loadpared to the same base case, segmentation in isolation
order violation, any given load needs to search only thoseachieves speedups of 5% for integer benchmarks and 19%
loads that were issued out of order with respect to the loadfor floating point benchmarks. A one-ported load/store queue
and that out-of-order-issued loads are far fewer in numberusing all our techniques improves performance on average by
than all in-flight loads. Across the SPEC2K benchmarks, the6% and 23%, and up to 15% and 59% for integer and float-
average number of out-of-order-issued loads is less than 3ng-point benchmarks, respectively, over a two-ported con-
while the number of in-flight loads is 41. We use this obser- ventional load/store queue.
vation to reduce the search bandwidth demand oridad This paper is organized as follows. In Section 2 we
queue We introduce thédoad buffer which is a small buffer  introduce two techniques to reduce the search bandwidth
to hold loads that are issued out of order with respect to eardemand. In Section 3 we discuss the segmentation of the
lier yet-to-be-issued loads. When a load issues, it searche®ad/store queue and its impact on bandwidth and latency.
the much-smaller load buffer instead of searching the entiré/Ve present and analyze the results of these three techniques
load queue. Thus the load buffer moves the detection of loadin Section 4. Finally, we conclude in Section 5.
load order violations away from the load queue.

The contributions of the paper are as follows: 2 Reducing Search Bandwidth Demand

* Reducing the search bandwidth demand on the store
queue: While [2] uses the store-set predictor to avoid
store-load order violations, our novelty is in applying the

A modern processor performs three important searches
on the load/store queue which is implemented as two sepa-

predictor to the new problem of reducing the store queuerate queues. Figure 1 shows these searches in the load/store

bandwidth and appropriately changing the load/storedueue. First, when_ a load executes, it searchessthee
queue implementation. With this technique, we reducedueueto compare its load address to the addresses of all

the search bandwidth demand on the store queue by 720/%tores. If there is a match with an earlier store, then the load
on average for SPEC2K benchmarks obtains its value from the store queue and ignores the value

. - from the cache. Second, when a store has a valid address, it
* Reducing the search bandwidth demand on the load )
i . X searches thébad queueto compare its store address to the
gueue: Our novelty is in observing that out-of-order- X
. . . . __addresses of all loads. If the address matches with a younger,
issued loads are only a few in number and in proposing

the load buffer. With this technique, we reduce the speculatively-serviced load, thisemature loadand all sub-

search bandwidth demand on the load queue by 76% oﬁc,equent instructions are squashed and fetched again (store-

average for SPEC2K benchmarks. load order violation). Third, when a load executes, it searches

. ina the load/st it i the load queue to compare its address to the addresses of all
ncreasing the load/store queue capacitywe segmen loads, in some processors ([3, 10]). If the address matches

the Ioad/store.queue _|nto mgltlple smaller queues an%ith a younger out-of-order-issued load, this load and all
connect them in a chain. The idea of segmentation is not

. . subsequent instructions are squashed and fetched again
new—e.g., [4] [8] segment the issue queue. While [8] d S q g
. L (load-load order violation).
treats the segments as a hierarchy by moving instruc-
tions from §Iow to fa§t segments, gnq [4]' treats the seg-o 1 Reducing Store Queue Search: Store-Load
ments as discrete units of power dissipation, our noveltypair Predictor
is that we treat the segments as a pipeline. Such pipelin- _
ing essentially makes our load/store queue a variable- ~ As mentioned above, a load needs to search the store
latency structure, a design point not explored before.  queue to obtain the latest store value. While [6] shows that
store-load order violations are rare, we observe that not only
Using the SPEC2K benchmarks, we show that a load/are the violations rare, but a majority of stores and loads do
store queue using our techniques needs only one port to ouf20t even access the same address. Consequently, most of the
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