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Abstract Categories and Subject Descriptors C.4 [Computer Sys-

Traditionally, operating systems use a coarse approxamati ™ Organizatioh Performance of Systems—Design stud-
of memory accesses to implement memory management all€S: D.4.2 Dperating Systeriis Storage Management—
gorithms by monitoring page faults or scanning page ta- Main memory, virtual memory

ble entries. With finer-grained memory access information, General Terms Algorithms, Management, Measurement,
however, the operating system can manage memory muchperformance, Design, Experimentation
more effectively. Previous work has proposed the use of a

software mechanism based on virtual page protection andKeywords page access tracking, translation lookaside buffer,
soft faults to track page accesses at finer granularity.itn th Page replacement policy, process memory allocation, fmiefe
paper, we show that while this approach is effective for some N9

applications, for many others it results in an unacceptably

high overhead. 1. Introduction

We propose simple Page Access Tracking Hardware computer system physical memory sizes have increased
(PATH) to provide accurate page access information to consistently over the years, yet counter to popular concep-
the operating system. The suggested hardware support igjon, optimizing the allocation and management of memory
generic and can be used by various memory managemengontinues to be important. Numerous scientific and engi-
algorithms. In this paper, we show how the information gen- neering applications exist that can exhaust even large-phys
erated by PATH can be used to implement (i) adaptive pageica| memory [1/B[31]. Moreover, while physical memory
replacement policies, (ii) smart process memory allocatio s generally considered to be inexpensive, it continuesto b
to improve performance or to provide isolation and better 5ne of the dominant factors in the cost of today’s medium

process prioritization, and (iii) effectively prefetchrtvial to large scale computer systems, and also a major factor in
memory pages when applications have non-trivial memory energy consumption.
access patterns. Our simulation results show thatthese alg 19 yse memory effectively, accurate information about
rithms can dramatically improve performance (up to 500%) the memory access pattern of applications is needed. Tra-
with PATH-provided information, especially when the sys-  gitionally, operating systems track application memory ac
tem is under memory pressure. We show that the softwarecegses at a relatively coarse granularity, either by mongo
overhead of processing PATH information is less than 6% page faults or by periodically scanning page table entdes f
across the applications we examined (less than 3% in all bUtspecific bits set by hardware. While these approaches pro-
two applications), which is gt !east an order of magnitude \;ige 3 coarse approximation of thecencyof page accesses,
less than the overhead of existing software approaches.  jnnortantinformation about treequencef accesses, which

is required by most sophisticated memory management al-

gorithms, is absent.
In systems with software-managed TLBs, page accesses

can be recorded and processed on each TLB miss. While

this approach can provide significantly more fine-grained
Permission to make digital or hard copies of all or part of thiork for personal or i i H ihiti
classroom use is granted without fee provided that copesatrmade or distributed information on page accesses, it adds prohlbltlvely large

for profit or commercial advantage and that copies bear titiseand the full citation overhead to a software TLB miss handler, which is already

on the first page. To copy otherwise, to republish, to posteswess or to redistribute a performance-critical Component
to lists, requires prior specific permission and/or a fee. :

ISMM'07, October 21-22, 2007, Montréal, Québec, Canada. _ A software-only alternative in which virtual pages are di-
Copyright(©) 2007 ACM 978-1-59593-893-0/07/0010. . . $5.00 vided into anactive setand aninactive sethas been sug-
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Figure 1. Graph (a) shows how LIRS manages to outperform LRU for céfiémemory sizes f&FT. Graph (b) shows, for a
fixed memory size (703Mbytes), how LIRS’ performance charagethe active set size increases, while the runtime overhea
of maintaining the active set deceases (the projected @égadime does not include the runtime overhead).

gested by recent resear¢h][80] 33]. Pages in the inactive set In this paper, we propose Page Access Tracking Hard-
are protected by appropriately setting page-table bithyao  ware (PATH) to be added to the processor micro-architecture
every access to them will generate an exception so that theto monitor application memory access patterns at fine gran-
operating system can record the access. Pages in the activalarity and with low overhead. Similar to the software ap-
set are not protected, and as a result, accesses to these apoach, PATH is designed based on two observations. First,
efficient and not directly tracked. Pages are moved from the a relatively small set dfiot pages are responsible for a large
inactive set to the active set on access, and a simple replacefraction of the total page accesses. Second, the exactafrder
ment algorithm such as CLOCKI[5] is used to move stale page accesses within the hot set is unimportant since these
pages out of the active set. The active set, although muchpages should always be in memory. By ignoring accesses to
smaller than the inactive set, is meant to absorb the mgjorit hot pages, we can vastly reduce the number of accesses that
of page accesses, thus greatly reducing the software overmust be tracked, while focusing on the set of pages that are
head compared to raising an exception on every access. interesting candidates for memory management optimiza-
Although this software approach is shown to be effec- tions.
tive with certain types of applications, its overhead fomma The key innovation with PATH lies in the tradeoff be-
memory-intensive applications is unacceptably high. Adap tween functionality assigned to hardware and functiopalit
tive resizing of the active set can be used to control the-over assigned to software. The hardware we propose is (i) small
head [3D]. However, the larger the active set, the more ac-and simple, (ii) scalable, in that it is independent of syste
cesses it absorbs and, hence, the éexsiratethe sequence  memory size, and (iii) low overhead, imposing no delays on
of recorded page accesses will be, making the memory man-the common execution path of the micro-architecture. We
agement algorithms less effective. An example of such a delegate to software (specifically, an exception handter) t
case is shown in Figuld 1. On the left, the performance of online maintenance of data structures to be used by the mem-
LIRS [13], a well-known memory management algorithm, is  ory manager when making policy decisions.
compared against LRU assuming no overhead for collecting  Section[® presents our hardware design for PATH and
page access information. The graph on the right shows howSection[3 shows how key low-level data structures can be
the performance of LIRS degrades as the active set size in-constructed by software. We show in Sectldn 4 that the
creases, while the overhead of recording page accesses nabperating system can use PATH-generated information to
urally decreases. To achieve LIRS’ potential in improving enhance memory management by (i) implementing more
performance, a high runtime overhead must be paid, other-adaptive page replacement policies, (ii) allocating mgmor
wise, much of the advantage of LIRS over LRU disappears. to processes or virtual machines so as to provide better
To cope with this potentially large overhead, custom isolation and to enforce process priorities more precjsely
hardware is suggested by Zhou et al1[33]. While their and (iii) prefetching pages from virtual memory swap space
approach effectively tracks physical memadviss Ratio or memory-mapped files when applications have non-trivial
Curves it does not provide raw page access information to memory access patterns. Sectldn 5 describes our experi-
the operating system, and thus cannot be used for memorymental methodology. Our simulation results, presented in
management algorithms other than the one for which it is Sectiorl$, show that substantial performance improvements
intended. Moreover, the hardware required by this approach(up to 500% in some cases) can be achieved, especially
is substantial and grows with the size of physical memory. when the system is under memory pressure. While the al-
gorithms based on PATH have different time and space over-
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Thus, we propose the addition of a new hardware struc-

Interfacg to Higher Level Algorithms ture that essentially functions as a significantly largeBTL

_ Graating MRC_]Software Layer for the.purpose of filtering out accesses to hot pages, Whllg
T *@—deaﬁng Rustack] [T ; recording a trace of accesses to all other pages. We call this
Excéption = structurePage Access Tracking Hardware (PATHH)gurel2
: PAL Overflow | PAL pointer | softiuare depicts the three major compor_1er_1ts of_ PATH. Hage Ac-
v gxcaption i LIITPage Access Log (PAL] -y ggikup cess Buffe(PAB) and theAssociative Filterwork together
v Miss P to remove accesses to hot pages from the trace; all other ac-
H [Associative Filter | ' H . .
Virtual ’ Miss 54 ; cesses are recorded in tRage Access Lo@PAL) which
CPU | Addres i Lookup | page : raises an exception to allow for software processing when
CORE | Lookup iPage Access Access ] .
| Tracking Buffer 5 it becomes full. _
| Hardware (pam : The Page Access Buffer (PAB) contains the set of re-

B R e : cently accessed virtual pages, augmented with an address
space identifier to distinguish between pages from differen
Figure 2. Page Access Tracking Hardware (PATH) Archi- processes. The PAB is structurally similar to a TLB except
tecture. that (i) it is updated only on a TLB miss, (i) it need not con-
tain the physical addresses of the pages it holds, andt(iii) i

head tradeoffs, the basic overhead of providing fine-gchine 1S Significantly larger than a typical TLB. As the PAB size
page-access information to the operating system is less tha INcréases, more pages are considéigénd more accesses

6% across all the applications we examined (less than 3% in@re filtered out of the trace, thus reducing both processing
all but two applications) — at least an order of magnituds les ©verhead and accuracy. In Sectior 6.4, we examine in detail

than that of existing software approaches. the tradeoff between overhead and usefulness of the traces
with varying PAB sizes. Our experiments show that a PAB
2. Design of PATH Architecture with 2048 entries is a good point in this tradeoff. Moreover,

with a 2K-entry PAB, PATH will have a very small chip
Memory management algorithms are often first described footprint. Finally, some existing architectures such aMIB
theoretically under the assumption that a complete page acPOWER and AMD Opteron already have a fairly large (e.g.
cess sequence is available. Later, they are implementegl usi 512 to 1024 entry) second-level TLB (In IBM POWER pro-
a coarse approximation of this sequence, collected byrsyste cessors, the first level address translation cache is ysuall
software. For example, the well-known least-recentlyeuse 128 entries and is called the Effective-to-Real Address$eTab
(LRU) page replacement algorithm requires the complete or ERAT). One can envision integrating PATH with a slightly
access sequence to implement exactly, but is commonly ap4arger version of such a second-level TLB. We show in Sec-
proximated by the CLOCK algorithm which coarsely groups  tion[63 that using the same 2K size for the active set in the
pages into recently-used, somewhat recently used, and notoftware approach will result in unacceptably high ovethea
recently used categories. Optimizations to the basic LRU A page access is considered for recording only if it misses
algorithm, and other sophisticated memory managementin the PAB. However, because of the limited associativity of
strategies, require more detailed page access informationhe PAB, it can be susceptible to repeated conflict misses
than systems currently provide. Trackialj accesses, how-  from the same small set of (hot) pages. To deal with this
ever, is prohibitively expensive and generates too much in- problem, PATH includes an Associative Filter that function
formation for online processing. The key question, then, is somewhat like a victim cache. The associative filter is a
how to reduce the volume of information to a manageable small (e.g., 64 entries), fully-associative table with aRiLL
level, while retaining sufficient detail on the order of page replacement policy that is updated on every PAB miss. Its

accesses. purpose is to prevent the recording of accesses to hot pages
Current memory management hardware already containscaused by short term conflict misses in the PAB.
an effective filter to catch accesses to the hottégtages, Misses in the associative filter are recorded in the Page

namely the Translation Lookaside Buffer (TLB). Thus, one Access Log (PAL) which is a small (e.g., 128 entries) buffer.
way to track page accesses is to augment existing hardwareyhen the log becomes full, an exception is raised, causing
or software TLB miss handlers to record a trace of all TLB  an operating system exception handler to read the contents
misses. Aside from the overhead that this would add to the of the PAL and mark it empty by resetting the PAL pointer.
critical path of address translation, the primary probleithw Given this architecture, PATH provides a fine-grained ap-
this strategy is that first-level TLBs are too small (withopt  proximation of the sequence of pages that are accessed. Hot
128 entries) to capture the set of hot pages, leading tosrace pages will always reside in the PAB, while sequential or
that are still too Iarge for online use. Slmply increasing th |ooping access patterns over an area |arger than that cov-

size of the first-level TLB is not a viable option, since the ered by the PAB (e.g., 8MB) are very likely to be completely
size is limited by fast access requirements.
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recorded by PATH in their proper order. For “less hot” pages, Group Boundary
the reuse distance can also be accurately captured by PATH ; Lo :
due to the subsequent PAB misses it causes. In the following siack
section, we show how system software can use the informa- Botom
tion recorded in PAL to construct a variety of data strucure

useful for memory management.

Finally, PATH must also include an interface for the op- LRU Group Headers
erating system to control it and to perform lookup opera-
tions on it. The operating system can also dynamically turn
off PATH when the system is not under memory pressure,
thereby reducing both the processing overhead and powe
consumption.

"+ Group Rank

Figure 3. The LRU stack with group headers.

the address range. Hence, a working set size of several GB
implies that several MB will be consumed by the LRU stack.

3. Low-level Software Structures 3.2 Miss Rate Curve (MRC)

The benefits of haVing LRU stacks and/or Miss Rate Curves An MRC depicts the page miss rate for different memory

(MRC) available are well recognizeld33]. In this section we sjzes, given a page replacement strategy. More formally,
argue that these data structures can be constructed efficien MRC is a function\,., (M), defined for address rangend

in software from the information obtained by PATH. SpeCif' page rep|acement poh(y] |dent|fy|ng the number of page
ically, we show how both LRU stacks and Miss Rate Curves mijsses the process will incur erover a certain time period
can be maintained on-line by the PAL overflow exception i js physical pages are available. Often, the slopa af a
handler. Both structures can, in turn, be used by memory given memory size is of more interest than its actual value. |
management software to make informed decisions. By del- the slope is flat then making additional pages available will
egating the maintenance of these structures to software, ounot significantly reduce the miss rate, but if the slope isfste
design provides greater flexibility and customizabilitath  then even a few additional pages can significantly reduce the

previous proposed hardware support. page miss rate.
Our method of maintaining on-line is based on Matt-
3.1 LRU Stack son’s stack algorithni[19] and Kirat al’s algorithm [17].

The LRU stack maintains a recency order among the pagesWe augment the elements of the LRU stack described in Sec-
within an address range. The top of the stack is the mosttion[3] with arank field used to record the distance of the
recently accessed page, while the bottom of the stack iselement from the top of the stack (i.e., the reuse distance).
the least recently accessed page. In our scheme, each pagéach ) is maintained as a histogram. Conceptually, when-
accessed (as recorded by the PAL) is moved from its currentever a page is accessed, the histogram values corresponding
location in the stack to the top of the stack. The LRU stack to memory sizes smaller than the rank of the accessed page
is updated for every entry recorded in the PAL. are incremented by one. In addition, the page is moved to the
To enable fast page lookup and efficient update in the top of the stack, while setting its rank field to zero and decre
LRU stack, we suggest using a structure similar to those menting the rank field of every element between the original
used to maintain page tables. Each element in this structureposition of the page and the previous top of stack by one.
represents a virtual page and contains two referencesoonet Time is divided into a series apochg(e.g., a few sec-
the previous page in the LRU stack and one to the next pageonds). At the end of each epoch, the value\é$ saved and
in the LRU stack. Conceptually, the LRU stack is a doubly- reset. Each process may store a history of values fufr
linked list, and elements are repositioned within the stack  several epochs to be able to make more accurate decisions
adjusting references to neighboring elements. Thus, @alirt  about the memory consumption of that process.
page can be looked up with a few (usually 2 or 3) linear  To reduce overhead, page groups of gizan be defined
indexing operations, and moving a page to the top of the and the rank field can be redefined to record the distance to
LRU stack involves updating at most 6 reference fields in the the top of the stack in terms of the number of page groups.
stack: 2 references associated with the page being moved, By keeping an array of references to the head of each page
of its previous neighbors, 1 at the previous head of the list, group, the cost of updating the rank fields can be reduced by
and the head of the list itself. a factor ofg. Figure[3 shows how the group header array is
The LRU stack has an element for each page that was evemsed to find the group boundaries, since only the elements
accessed (not just the pages currently in memory). Assumingat these boundaries need to be updated. Algorithm 1 shows
4 KB virtual pages, 32-bit page references can be used forthe basic steps that must be taken for every page recorded in
address ranges up to 16 TB, resulting in a space overheadhe PAL to maintain\ histograms for the LRU replacement
of 8 bytes per virtual page used. The working set size of the policy. Note that the group sizgis defined by software and
LRU stack is roughly proportional to the working set size of can change according to the desired level of precision for
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gorithms has only been shown in the context of file system
caching, where precise information on the timing and order
of accesses is available.

Using information from PATH, we have implemented two
adaptive page replacement algorithms. The first Bregjon-
Specific Replacemerdattempts to automatically apply the
appropriate replacement policy on a per-region basis fer di
ferent memory regions defined in the application’s virtual
address space. The second one is the recently proposed adap-
tive policy calledLow Inter—Reference Set (LIREH]. We
chose to implement LIRS because it is fairly simple and, for
file system caching, has proven to be competitive with the
best algorithms.

{update MRC for LRY We should note that the algorithms or models that can

8 for j = 0 tolruRank do exploit information provided by PATH are not limited to the

o Arrulj]++ examples presented in this section. For instance Vilayannu
10: end for et al. [28] present a model to proactively predict when a

| Current Physical Memory page is not actively used and hence is ready to be replaced.
! size The model is based on accurately measuring the distance

Algorithm 1. Update A\ gy and the LRU stack on each
recorded pag®, 4.
1: lruRank < Stack[Vaddr].rank
2: moveVaddr element to the top of the LRU stack
3. Stack[Vaddr].rank =0
{update group headers and page ranks for groups lower
thanlruRank}
4: for i = 0 to lruRank do
5. GroupHeadersi] < Stack|GroupH eadersli]].prev

6:  Stack|GroupHeadersl[i]].rank + +
7: end for

between consecutive accesses to a page, which can easily
jﬂésﬁmk be provided by PATH.

Stack
Bottom

4.1.1 Region-Specific Replacement

......................................

The rationale behind region-specific page replacemengis th
desire to be able to react individually to the specific ac-
Figure 4. The optimized structure for LRU group headers. C€SS patterns of each large data structure within a single ap
plication. Studies in the context of file system caching [7]
have shown that by analyzing the accesses to individual files
separately, one can model the access pattern of the appli-
cations more accurately. We argue that memory-consuming
data structures (e.g., multidimensional arrays, haslesab
graphs) usually have stable access patterns, and by detecti
these patterns, one can optimize the caching scheme for each
of these data structures individually.

Most large data structures either reside in contiguous re-
gions in the virtual address space (e.g., arrays), or ceald r
sonably be made to do so. For example, one can use custom
allocators that allocate correlated data from a pre-atésta
pool of virtual memory. Lattner and Adve18] show how to
cluster individually allocated, but correlated, memognits
4. Example Use Cases automatically. As a result, large data structures (e.g.aply
In this section we describe several ways that the informatio of millions of nodes) have a high probability of being lochte
provided by PATH, and the LRU stacks and MRC curves that in a large contiguous region of address space. The contigu-
are constructed by software, can be used to implement so-ity of data structure memory is not an essential factor, but
phisticated memory management strategies, including-adap it simplifies the implementation of region-specific replace
tive page replacement, improved process memory allocation ment. For our simulation study, we have assigned a separate
and virtual memory prefetching. In Sectibh 6 we evaluate region for each large static data structure as well as agg lar
their effectiveness. mmapped areas.

We choose the replacement policy by separately, but si-
multaneously, computing for each region for both LRU
There is a large body of research on page replacement poli-and MRU policies; and picking the policy that would result
cies 2 T[OT0 121814 16,1201 23] 32]. Many of the in a lower miss rate. To computey;zy we use the same
algorithms proposed are approximations of LRU with exten- scheme shown in Figufé 4 and Algoritifuln 1, but with pages
sions to deal with sequential and looping patterns for which ranked in reverse order. Hence, for each page, we maintain
LRU performs poorly. The effectiveness of most of these al- two ranks, one for LRU and the other for MRU. Given that

LRU Group Headers

A further optimization is possible based on the observa-
tion that at any instance in time, we are only interested in
at the point corresponding to the amount of physical mem-
ory allocated to the virtual address range under study and th
slope of A around that point. Hence, the LRU stack can be
divided into 4 groups as shown in Figufle 4: the tap— ¢
pages, wherd/ is the current physical memory allocated to
the address range, two groupsgyqfages on both sides af,
and all the remaining pages at the bottom of the LRU stack.
With this optimization, only four entries need to be updated
on each page access to maintain

4.1 Adaptive Replacement Policies
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the rank value is at most 4, the rank can be represented by

two bits, so the space overhead is negligible. —?ﬂlﬂﬂﬂ

We switch to a new policy only if it is consistently better . 1 ‘~~.\4
than the current policy. The default policy is LRU. If a regio L |
is being accessed in a looping pattern, it will have lower ---.8._. ' >{P7|>{IIIM
values for\yry, but if the region is being accessed in RS, —>EIIIIIIIII }
temporal clusters\; zy will have lower value. 7T j" Y

With region-specific page replacement, it is necessary to ——>EIII]IIII ------

decide how many physical pages to allocate to each region.
At the end of each epoch, we use the computedalues Figure 5. Page Proximity Graph. The shaded area shows the
for the epoch to calculate how much memory each region Prefetch set for page P1 when traversing to a depth of 2.
actually needs. We definenefit andpenalty functions for

each region as follows:

Chapin identified the prioritization problem due to lack of
benefit,(9) = Arp(M — g) = Arp(M) memory isolation in operating systems, and motivated the
penalty, (g) = Arp(M) = Ay (M + g) concept ofmemory prioritizatior{g].

and balance memory among regions within a process address OUr approach to optimizing throughput is similar to the
space by taking pages away from regions with low penalty 9reedy algorithm used by Zhaat al. [83] with a different
and awarding them to the regions with higher benefit. The level of hardware integration. In this approach, each msce
number of regions in an application is typically small (e.g. is initially allocated an gqual ampunt of physical memory.
usually less than 10). Thus, balancing memory within a At each memory allocation step,is calculated for all pro-

single application at the end of each epoch is not a costly C€SS€s, anflenalty p andbenefit » for process? are calcu-
operation. lated as follows:

benefit p(g) = Ap(M) — Ap(M + g)

4.2 Process Memory Allocation
penalty p(g) = Ap(M — g) = Ap(M)

In most general-purpose operating systems today, memory
is allocated to a process on-demand, in response to a pagd he greedy algorithm takespages away from the process
fault, from a global pool of pages. All pages are equal can- With the least value fopenalty »(g), and assigns them to the
didates for replacement, irrespective of the process tehwhi  Process with the highest value fotnefit (g).
they belong. The actual amount of memory allocated to each 10 address unfair prioritization, different policies cam b
process is a direct function of its page fault rate and thepag implemented using. For example, physical memory may
rep'acement po“Cy in use. Processes that access more pagé%e partitioned to balance the miSS rates Of Concurrently run
than others over a period of time will be allocated a larger Ning applications. We are continuing to explore different
number of pages, since they fault on more pages and keeﬁchemes for fairness and process isolation using fine-gptain
their own pages recent. Global page replacement has twomemory access information provided by PATH.
major advantages. First, it is simple and easy to implement ) ,
with little overhead. Second, for workloads in which apatic ~ 4-3  Virtual Memory Prefetching
tions have similar access patterns, global page replademenincreases in 1/O bandwidth over the years now allow for
naturally tends to minimize the total number of page-faults aggressive and speculative prefetching of memory pages.
Despite its wide adoption, global page replacement has twoAn aggressive prefetching scheme, however, risks remacin
significant shortcomings: pages that are more valuable (to the same or other applica-
Sub-optimal System Throughput: Global page re-  tions) than those prefetched.
placement assumes each application receives the same ben- A simple operating system-level prefetching approach is
efit when given an extra page. In reality, however, one ap- based orspatial locality pages adjacent to the faulted page
plication’s throughput may rise sharply as it is given more in the virtual address space are candidates for prefetcmng
pages, whereas others may see no performance gains. If théhe assumption that they will be accessed soon. More pre-
goal is to maximize overall system throughput, pages should cisely, whenever a page-fault happens, the nexiages in
be taken away from processes that derive little benefit from the address space are prefetched from the swap space, where
them and given to processes that benefit the most. w could be either fixed or dynamically adjusted based on
Lack of Isolation and Unfair Prioritization: Global how accurately the prefetching policy has been performing.
page replacement does not guarantee any level of serviceThis scheme is effective in many cases, since large, memory-
for applications. So-called “memory hogs” can starve ap- consuming applications often access pages in contiguous
plications with even a small working set siZé [4]. Similarly chunks that are much larger than a virtual page. However,
in a system under memory pressure, process prioritizationthere are important classes of applications that haveestabl
done only through CPU scheduling can become ineffective. access patterns, but with little or no spatial locality.

36



As an alternative, we have implemented a prediction whereEezec_Time, iS the execution time measured when no
model similar to a Markov predictof [L5] that incorporates page fault occurs. We assume that once a process faults on
the temporal proximity of accesses to pages as the key fac-a page, it will be blocked foRverage_Latencypage_rauis CY-
tor. We use the LRU stack to find temporal proximity among cles; we use a fixed value of one million CPU cycles for
pages, similar to recency-based prediction models, such asaverage_Latencypage_raui:- TiS value conservatively under-
the one proposed by Saulsbury etfall[25]. Note that the LRU estimates the cost of page faults as the average disk access
stack must be precise to provide accurate information on thelatency of even fast disks is on the order of a few millisec-
proximity of page accesses. As we showed in Sedfioh 3.1, onds.
the LRU stack is accurately maintained by using the PATH- o
generated information. 5.1 Applications

Our model uses a weighted graph, called Bage Prox- We evaluated the effectiveness of PATH on a set of memory-
imity Graph(PPG), which identifies how often two virtual ~consuming applications that we chose from various bench-
pages are accessed shortly after each other. For eaclppage mark suites: six applications from SplashE21[29], four from
we maintain éProximity Set.X,, where|X,| is at mostD the NAS Parallel Benchmark (NPB) suite]22], SPECJBB
pages. FigurEl5 shows a simple example of a PPG where 2000 [27], MMCubing from the lllimine data mining suife]11]
is equal to 8. and MrBayes, a Bayesian inference engine for phylodery [21]

The PPG is updated on each page fault as follows. A We did not include SPEC CPU benchmarks, since they have
window of Wy, pages in the LRU stack is considered, fairly small memory footprints.
starting from the current location of the faulted page, We ran the applications with large problem sizes within
towards the top of the stack. If any pagg,in the scan the practical limits of the simulation environment (e.qn, o
window is already inX,,, the weight or{p, ¢) is incremented  the order of a few hundred megabytes). However, all of these
by one. Otherwiseq is considered as a candidate to be applications will consume up to tens of gigabytes of mem-
added toX,. The weight to all other nodes iX,, that do ory for large but still realistic problem sizes. For our esipe
not appear in the scan window is decremented to decayments, we collected memory traces that cover the execution
obsolete proximity information. If the weight on any edge of a few hundred billion instructions for each applicatién.

(p, s) reaches zero; is removed fromx,,. warm uptime is considered at the beginning of the simula-

Prefetching is initiated whenever a page fault occurs on ation in which no measurement is done.
page, such ag. To generate the set of pages to prefetch, the
PPG is traversed, starting froppin a breadth-first fashion, 6, Experimental Results
and all pages encountered are added to the prefetch set. |
a page in the prefetch set is already resident in memory, it
will be artificially touched to prevent the page replacement Figure[® shows the effect of using different replacement
algorithm from evicting it, under the assumption that itlwil ~ Policies on execution time as memory size is varied. Due to
likely be accessed soon. In Figile 5, the gray region showsspace limitations, we show the results only for a set of four
the prefetch set when starting from and traversing to a  applications with representative behavior.
depth of 2. The deeper the breadth-first traversal, the more For the great majority of applications, using one of the
speculative prefetching will be. One can dynamically adjus adaptive policies resulted in a significantimprovemenkén t
the depth of the traversal according to the current prefiegch ~ Projected execution time (e.g., around 500%ifor cont . ).

[5.1 Adaptive Replacement Policies

effectiveness and available 1/0 bandwidth. Comparing region-specific and LIRS policies, in some cases
_ one performs slightly better than the other and vice verda, b
5. Experimental Framework generally their difference is not significant. There areals

We used Bochs(]3], a widely used full-system functional fare cases in which one of the adaptive policies performs
simulator for the 1A-32 architecture, to run the applica- Slightly worse than the basic LRU algorithm (e.gcean
tions and record their memory accesses. This memory tracgf0r LIRS andSPECJbb for region-specific). Note that most
was then fed to a simulator that simulates the memory- of the benefit of both LIRS and region-specific policies are
management algorithms in a multi-programmed environ- the result of having accurate page access information from
ment to obtain the page fault rate. To estimate execution PATH.

time, we first timed the execution of all workloads on an
AMD Athlon 1.5GHz system with enough memory to en-
sure that no page faults occurred. Then, we calculaped-a To demonstrate the benefits of fine-grained memory access
jected execution timgiven the page fault rate determined by ~Pattern information for local (per-process) page replaggm

6.2 Process Memory Allocation

simulation. schemes, we show that total system throughput (in terms of
The projected execution time is calculated as follows: ~ Instructions Per Cycle) can be improved over a traditional
Projected_Ezec_Time = Exec_Timey + Waitpr global replacement strategy. In this experiment, we siteula
Waitpr = Average_Latencypage_pau * Total_Page_Faults two applications running simultaneousBRPECJIbb andBT.
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throughput in multi-programmed scenario: SpecJBB and BT.

Without loss of generality, to make the experiment more SPECJbb derives a higher benefit from extra pages than

clear, we assumed that the IPC of both applications is 1 whenwhile a global scheme considers the utility of each page to

running in isolation. As noted in Sectifh 5, each page fault be the same for both applications.

is assumed to have a fixed latency of one million cycles. We

used a warm-up time of 30 billion instructions and a running 6-3 Virtual Memory Prefetching

time of 60 billion instructions combined. For a selected set of applications, we show the effects of
Figure[I (a) shows the average IPC for both applica- prefetching on projected execution time and on required

tions when run with global LRU replacement; Figllte 7 (b) 1/0 bandwidth for both page-in and page-out operations in

shows the average IPC when the applications run with lo- Figured® and[]9, respectively. The rest of the applications

cal LRU replacement and memory allocation set to maxi- we examined perform similarly to the ones of shown here,

mize throughput. The trend in IPC is similar for both setups; and are, again, classified based on similarity and listed in

however, our local allocation policy achieves higher over- parenthesis in the figures.

all IPC, needing roughly 18% fewer cycles to execute the  For the spatial locality-based policy, we set the initial

same number of instructions (145 billion cycles vs. 178 bil- prefetching windowyw, to 64, which can dynamically grow

lion cycles for the global strategy). This is mainly because depending on achieved precision. For the temporal locality

38



3500

500 2 6000 No Prefetching —&—

Spatial Locality --O---
Temporal Locality ---@---

No Prefetching —&—
Spatial Locality --©---
Temporal Locality ---@---

Spatial Locality --©---

450 Temporal Locality

3000
400 5000

350
300
250

2500
4000

2000

3000

200 1500
2000
150 1000

100
50

1000 500

Projected Exec. Time (billion cycles)
Projected Exec. Time (billion cycles)
Projected Exec. Time (billion cycles)

0 e ° 0
150 200 250 300 350 400 450 500 500

Memory Size (MB)
(b) MG (SP, LU cont.,
BT, FFT, and Ocean)

550 600 650 700 750

Memory Size (MB)

(c) SPECJBIMM)

800 850 900

o
300 350 400 450 500 550 600 650 700 750 800
Memory Size (MB)

(a) LU Non-cont. (MMCubing,
and MrBayes)

Figure 8. The effect of prefetching on the projected execution tinmepdrenthesis are applications which present similar
behavior.

300

160

250

No Prefetching —A—
Spatial Locality --&---
Temporal Locality ---@---

No Prefetching —A—
Spatial Locality --&---
Temporal Locality ---@---

No Prefetching —a—
Spatial Locality --&---
140 X Temporal Locality ---®--- 250 e
200 R < S ° iy
120

200
150 100

80 150

100 60

100

1/O (MB in a billion instrs)
1/O (MB in a billion instrs)
1/O (MB in a billion instrs)

40

50 50

20

0
550

600 650 700 750 800 850 900

Memory Size (MBytes)

(c) SPECIEMM)

0
200 250 300 350 400 450 500

Memory Size (MBytes)
(b) MG (SP, LU cont.,
BT, FFT, and Ocean)

o 3
300 350 400 450 500 550 600 650 700 750 800
Memory Size (MBytes)

(a) LU Non-cont. (MMCubing,
and MrBayes)

Figure 9. The effect of prefetching on the required 1/0 bandwidth. hrgmthesis are applications which present similar
behavior.

based policy, we set the size of the proximity set for each 6.4 Effect of PAB Size

page to 10 and the scan window sid&. ., 10 64 pages.  or some of the applications that benefit from fine-grained
The depth of the breadth-first traversal in the PPG graph ho46 4ccess information, we evaluate the effect of difteren
was limited to 3. Finally, for both algorithms we set the size papg sizes on the projected execution time and the runtime
of the pool of the pages that are prefetched, but not accesseq)verhead_ FiguréS L0 afidl11 show this effect for page re-
yet, to be at most 10% of physical memory. placement and prefetching algorithms, respectively. éséh

For many applications, such a& and FFT, the spa-
tial locality-based policy is quite effective, both in tesm
of recall and precision. The temporal locality-based algo-

experiments, we vary the size of the PAB from 128 to 32K
entries. As the PAB size increases, we expect that an in-
creased number of page accesses are filtered by PATH and

rithm (that monitors the sequence of the accessed pages)y s the page access information generated becomes less ac-

is also able to detect regularity in the access pattern with

similar effectiveness. There are applications, such.@as
non-cont. and MMCubing, however, for which the tem-
poral locality-based algorithm significantly outperforthe
spatial locality-based one, both in terms of improving per-

curate. At the same time, we expect processing overhead to
decrease as fewer page accesses are recorded.

As we see in these graphs, runtime overhead drops sig-
nificantly as PAB size increases. At the same time, the pro-

jected execution time does not seem to be very sensitive as

formance and being precise. Note that the temporal-lgcalit e paB size is increased from 128 to 2K entries. One ex-
based approach needs flne—gralqed |nformat!on on the S€teption iSFFT with LIRS (shown in Figurdll). Overall, a
guence of page accesses, which in our setup is produced b3QK-entry PAB seems to be a good tradeoff between over-

PATH. Remarkably, temporal locality-based prefetchieg
ducesthe 1/0 bandwidth requirements f@U non-cont.
because artificially touching pages in the prefetched set pr
vents them from being replaced. Finally, for some appli-
cations such aSPECJbb, neither prefetching algorithm is
effective.
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head and accuracy.

6.5 Analysis of Overhead

In this section, we compare PATH’s runtime overhead to the
software-only approach. To measure PATH'’s basic overhead,
we emulatedexceptions generated by PATH in a real envi-
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Figure 12. Runtime overhead of PATH-generated information compacethé software-only approach (SOFT). To help
visualize the comparison, all runtime overhead numbegglahan 100% are truncated.

ronment using a 1.5GHz AMD Athlon processor. For each stack and MRC data structures. To calculate the overhead,
application, we collected a trace of PAL overflow exceptions we measure the total number of CPU cycles needed to exe-
along with the content of the PAL at the time of exception. cute a certain number of application instructions (e.gva fe
Each overflow event is time-stamped using the number of in- tens of billions), with and without PATH exceptions.
structions retired since the start of the application. Wanth The software-only approach was implemented in Linux-
replayedthese traces by artificially generating exceptions at 2.6.15. We measure only the cost of maintaining the active
the same rate as in the trace by using hardware performanceet which includes the cost of extra page protection faults,
counter overflow exceptions. At each exception, we read the page table walks to set the protection bits, flushing thescorr
contents of the PAL from the trace and updated the LRU
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sponding TLB entries, and occasionally trimming the active of hardwareutility monitorsto monitor memory accesses
set using CLOCK. solely to compute MRC at the granularity of individual CPU
Figure[T2 shows the runtime overhead of both PATH and cache lines.
the software-only approach across the selected set of-appli :
cations, as a function of active set size (PAB size in PATH). 8. Concluding Remarks
There are a number of important observations. First, the Traditionally, operating systems track application meynor
overhead of the software-only approach is high for a num- accesses either by monitoring page faults or by periogicall
ber of applications (e.gEFT, LU-nonc., MMCubing and scanning page table entries. With this approach, important
SPECJbb) even with a fairly large active set size. Second, the information on the reuse distance and temporal proximity of
runtime overhead of PATH is very small in all applications Virtual page accesses that can be used for improving mem-
if a large PAB (e.g., 32K) is used. For the designed 2K size, Oy management algorithms is unavailable. Previous work
the overhead of the PATH remains less than 3% in all but two has suggested the use of a purely software-based approach
applications (U-nonc., and SPECJbb for both of which that uses virtual page protection to track page accesses mor
the overhead is less than 6% with a 2K-entry PAB). Such accurately. While this software-based approach is effecti
a small overhead is easily paid off by the substantial per- for some applications, for many applications it incurs unac
formance improvement achieved by the PATH-generated in- ceptably high overhead.
formation when the system is under memory pressure. Note In this paper, we proposed novel Page Access Track-
that the OS can turn off PATH when the system is not un- ing Hardware (PATH) that records page access sequences

der memory pressure, and as a result there will not be anyin a relatively accurate yet efficient way. We showed how
unwanted runtime overhead. the operating system can exploit the information provided

by PATH to improve memory management in three differ-
ent ways: adaptive page replacement, process memory al-
7. Related Work Iocatior}:, and vFi)rtuaIpmgmor;) prefetching. Our experimeyn-
Zhouet al. [B3] suggest the use of a custom-designed hard- tal analysis showed that with this hardware support, signif
ware monitor on memory bus to efficiently calculate MRC icant performance improvements, as high as 500%, can be
online. In their approach much of the overhead of comput- achieved for applications under memory pressure. Unlike
ing MRC can be avoided by offloading to hardware almost software-only approaches, the runtime overhead of PATH re-
completely. In contrast, we argue in favor of having a sim- mains small (under 3%-6%) across a wide range of applica-
pler hardware that provides lower-level but more generic tions.

information about page accesses that can be used to solve We believe that additional uses of information provided
many problems including the memory allocation problem. by PATH will become apparent over time, as we experiment
We have shown that with the use of fine-grained page accesswith a wider variety of memory intensive applications. Two
information the operating system can make better decisionspossible ideas are super page management and page place-
on at least three different problems. In terms of hardware mentin a NUMA architecture.

resources required, the data structures in PATH are simpler Animportant extension is to explore the use of PATH in a

and smaller, and unlike the MRC monitor in Zhetal’s ap- multiprocessor setup. There are important open issuek, suc
proach, do not grow proportionally with the size of system as how to collectively use PATH traces of parallel applica-
physical memory. tions that are generated on multiple processors. Simjlarly

Also, Cooperative Robust Automatic Memory Manage- work needs to be done in perfecting PATH support for mul-
ment(CRAMM) collects detailed memory reference infor- tithreaded applications. Currently, the PATH trace geteera
mation to be used to adjust the heap size of a Java virtual ma-<for an application running on a CPU is processed into a sin-
chine dynamically in order to prevent a severe performance gle LRU stack or the Page Proximity Graph. If the applica-
drop during garbage collection due to pagingl [30]. The au- tion is multithreaded, this approach results in internimgyl
thors have used the software-only approach to track MRC traces of several threads into a single aggregate data struc
in order to predict memory usage and adjust the JVM heapture. As a result, important information about both reuse
size accordingly. To reduce overhead, CRAMM dynamically distance and temporal proximity of page accesses on a per
adjusts the size of the active set by monitoring runtime-over thread basis is lost. To solve this problem, simple extarssio
head. Such an approach is presumably effective in trackingcan be made to the software layer to keep track of multiple
MRC for JVM’s heap size. However, our results show that LRU stacks on a per thread basis.
for many memory intensive applications, increasing the siz
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