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Abstract the Java application. With this information it is possihde t
estimate the application requirements during executi@h an
The popularity of the Java language is easily understand- therefore, it could help to take management decisions that
able analyzing the specific features of the language and thefavor the application performance. This particular featur
execution environment. However, there are still aspects ofof the Java execution environment is an important diffeeenc
the Java execution environment that are not exploited. @ne o compared to execution environments for traditional coatpil
the most distinctive features of this platform is the knogée ~ languages. In these environments, the available runtime in
that the Java Virtual Machine (JVM) has about the runtime formation of the applications is very limited and, therefor
characteristics of the applications. In this paper we show a the operating system (OS) is only able to offer general man-
example of how the JVM could use the applications runtime agement policies that do not consider specific requirements
information to help the operating system in some tasks re-of the applications.
lated to resources management, improving significantly the In this paper we show an example of how the JVM could
performance of the Java applications. In particular, we fo- use the runtime information to help the OS in some tasks re-
cus on the memory management and on the memory prefetcHated to resources management, improving the performance
ing strategy. We show that it is possible to improve the per- of the Java applications. In particular, we focus on the mem-
formace from traditional prefetch approaches. In order to ory management and on the memory prefetching strategy.
prove this idea we have designed and implemented a proto-The effectiveness of a memory prefetching strategy depends
type to add memory prefetching into de JVM. This prototype on the accuracy of the information about the runtime behav-
achieves to overlap the time required to read the memoryior of the application and about the runtime system condi-
from disk with the computing time of the application, improv tions. We show that using the information available to the
ing the final performance of the applications. JVM it is possible to improve the performace from tradi-
tional prefetch approaches. In order to prove this idea we
have designed and implemented a prototype to add memory
prefetching into de JVM.
The rest of the paper is organized as follows. First, we
justify in Section 2 that the JVM is the appropriate compo-
. o . nent to develop the prefetching task. In Section 3 we present
understandable analyzing the specific features that this la our prototype to prefetch in Java and in Section 4 we discuss

guage and its execution environment offgr o the program-s, me interesting aspects related to the implementation. In
mers. However, there are aspects of this platform that are,

. . Section 5 we present the evaluation of our prefetching proto
not exploited :_;md that cquld.revert into better performancetype. Finally, we present some related work in Section 6 and
for the_execgtlon of applications. For example, one of the in Section 7 we present the conclusions from this work and
most distinctive features of the Java execution envirorimen
: C . our future work.
is that applications are not executed directly on the ugeerl
ing hardware, but they are executed on a Java Virtual Ma- L . )
chine (JVM). This is the key principle for the Java paradigm 2 Preliminary Discussions
of portability. The Java compiler translates the Java code
into an intermediate bytecode independent of the physical In our work we propose to take benefit from the knowl-
platform. Then, at runtime, the JVM is responsible for in- edge that the JVM has about the runtime behavior of the ap-
terpreting and translating the application intermedigtieb plications to add memory prefetch to the Java Execution En-
code into native machine code. Thus, the JVM has the wholevironment. In this section we argue that the JVM is the most
knowledge about the code and the runtime characteristics ofuitable component of the Java Execution Environment to di-

1 Introduction

The growing popularity of the Java language is easily



rect the prefetch operations, compared to other optingimati  pattern and, without this information, it is complicatedfe
strategies. Then, we show that there are Java application$er an efficient prefetch of pages for objects. In summary, in
that can improve its memory performace if they execute in order to implement an effective prefetch, both the compiler
an environment provided with an effective prefetch. and the OS have limitations that the JVM overcomes.

2.1 Prefetch directed by the Java Virtual Machine 2.2 Benefits from memory prefetching in Java

The JVM is the responsible for executing the applications  |n previous work, we have evaluated the performance of
code. Therefore, at runtime, it has the whole control aboutvirtual memory management for memory intensive Java ap-
which is the current instruction and the parameters of suchplications [1]. We worked on the benchmark suite provided
instruction. That is, the JVM is able to determine if a given by the JavaGrande group [5], which works on the use of Java
instruction is going to access an object, what characiesist for high performance computing. In that work, we showed
have the object (addresses, type and size), and the pasition that there are Java applications with an execution time-heav
the object to be referenced. With this information, it ispos jly influenced by the memory management time. In previous
sible to get an accurate accesses pattern for the objedts. Thresearch, all the efforts to improve the memory management
accesses pattern can be used to predict the next pages refrerformance for Java applications have been focused on the
erenced by the application and, therefore, to prefetch them JjvM memory management code; however, we showed that
We have to remark that the JVM deals with the application there are applications that seldom require executionsisf th
binary code and, therefore, it is not necessary to have-avail code and, therefore, they require another kind of optimiza-
able the application source code in order to get this pattern tions in order to speedup their execution.

In addition, as we are considering a runtime prefetch strat-  |n order to determine if page prefetching is a feasible
egy, it is also possible to get enough information about the method to speedup this kind of applications, we have ana-
execution environment to get the ideal prefetCh diStamm, t |yzed deep|y the use of the memory that have these app"ca-
is, the anticipation needed to ask for the predicted pagis Wi tions. In particular, we have analyzed the kind of allocated
time enough to be loaded before they are referenced. objects, their size and type. We have presented the results o

An alternative to this strategy could be to modify the Java this analysis in [2] and they show that, although these appli
compiler to implement a static prefetch. This strategy con- cations allocate few objects larger than 16 pages, these ob-
sists on analyzing the application code and inserting the ap jects fill most of the heap and they are usually large arrays.
propriate prefetch operations into the generated bytecode  Arrays are usually accessed within loops and with an
Although the compiler is able to implement prediction al- strided pattern [7], which is a behavior easy to detect in run
gorithms with a reasonable hit rate, the characteristite®f  time. Therefore, given a large array it is possible to distini
physical execution platform have to be known. Therefore, the cost of accessing it, if we detect the stride between the
this approach is not portable because it would be necessary t accesses of the application, and we load on physical mem-

recompile the applications for each different hardwaré-pla oy the next page of the array that the application is going to
form. This recompilation requirement could be avoided by zccess before this access becomes effective.

encapsulating the prefetch code into dynamic libraries and
linking the application with them. This way it could be pos- — . .
sible, for each target machine, to have a suitable version of3 Designing effective page prefetch in Java

the prefetch code, and the application could use it without

recompiling it again. However, this alternative requires t In this section we present our first prototype for the pages
user to have the application source code available, anégsthis prefetch in Java, which will show the benefits from adding a
not always possible. prefetch directed by the JVM. We focuss on accesses to large

Finally, we could consider to add a dynamic prefetch strat- arrays and we discuss about the requirements needed to get
egy into the OS. However, although the OS has a wholean effective prefetch, and how our design takes advantage of
knowledge about the execution conditions, it lacks enoughthe Java execution environment to accomplish these require
information to characterize the behavior of the appligatio ments. The requirements for an efficient prefetch are:
accesses. On the one hand, it is not aware of each access to
memory, but only of those causing page faults. This reduces e A good prediction algorithm: we need to predict which

the amount of information available to deduce the memory is the next page of the array that the application is going
access pattern of the application. On the other hand, the OS  to reference. Therefore, it is important to have a high hit
does not know the layout of the application heap. That is, it rate in these predictions. As we have said before, arrays

does not know which logical addresses belong to each object,  are usually accessed with an strided pattern. Therefore,
because the JVM manages the heap transparently to the sys-  we just need to keep for each instruction the stride used
tem. Thus, the OS is unable of deducing the object accesses to access the array.



e To anticipate the application access: we need to load theprefetch code added to the original JVM should be executed
predicted pages before the application requires them.fast enough not to hide the benefits of the prefetch itself.
Usually, the instruction that accesses an array is part of We have developed this prototype on the Java 2 SDK
a loop. Therefore, for each instruction that accesses aStandard Edition from Sun for Linux. We have selected
large array, we can prefetch the page that it will ref- the server configuration of HotSpot Virtual Machine version
erence in the next loop iterations. The distance of the 1.3.1., because this configuration is oriented to appbaoati
prefetch, that is, how many iterations to anticipate, is a with high resources consumption. We have used the 2.4.18
parameter of the prefetch that needs to be tuned. kernel version of the Linux OS.

e To overlap the page loading time with the application
computing time, in order to actually save the time re-
quired to load them. As the OS does not offer this ) o .
functionality, we have added to the JVM an execution ~ This part of the prefetch mechanism is very simple, be-
flow (prefetche) that loads the predicted pages while cause of the selected prediction algorlthm: strld_ed bas_et_j 0
the JVM continues the execution of the application. objects. However, there are some implementation decisions

that we have taken in order to get an efficient code.

In order to achieve these goals, we have modified the

routine that initializes the JVM to add the creation of the
prefetcher and we have added thgrediction codeto the
JVM routines that manage the bytecodes of array access. The prediction code is executed for each bytecode that ac-
In Figure 1 we show the steps involved in each access tocesses a large array. Therefore, to diminish the overhead of
a large array. When an array access is being executed (1)this additional code it is important to write it carefullycito
the prediction code initially updates the information abou reduce the number of instructions executed. The stride com-
the stride used in the current instruction to access thg.arra putation is an example of how to save instructions. Usually,
Then, this information is used to decide whether to prefetchthe stride that a loop instruction uses to access an array is
and, in this case, which page to prefetptw(th a distance! fixed for all the iterations. Thus, we use the two initial con-
in the figure). The prediction code emits the request to loadsecutive pages that each instruction references to compute
in advance the selected pages (2) and continues the executigust once the stride of the accesses, and we store this value
of the original array management code for that bytecode (3).for consulting it in the rest of iterations.
Concurrently, the prefetcher gets the prefetching recarest In order to be able of managing the accesses to matrices
executes an array access (3). If such memory page is nojve consider the possibility of having nested strides foheac
present in memory this access will cause a page fault so thainstruction. Usually, the accesses to a matrix are row or col

4.1 The first step: prediction code

Pages prediction

the OS will load it from the swap area (4). umn based. Thus, an internal stride is used to access all the
i~ elements of a given row or column, and an external stride is
JVM  Prediction Prefetch
executor code refetcher _ used to change the target row or column. Our code detects
request peimp_ Oger?t'“g this kind of accesses and keeps both strides as well as the
ystem

number of consecutive accesses to a given row or column.
This number of accesses is used to decide when it is neces-
access to page p+d . .
. sary to use the external stride to predict.
access to page i . . .
HEAP Using the current accessed address, the appropriate stride

[ TT]

the distance of prefetch, and the bounds of the array, our

in memory code pre_dicts. which pages this instruction will reference i

p the next iterations. In our current prototype both the pokfe
age Fault .

Management Disk distance and the number of pages to request for each pre-
page p+d |in swap are -“— ---F diction, are execution parameters that we have added to the

\@\ o ;pead—pdage@ JVM. However, in future versions of this implementation we

p+

plan these variables to be dynamically adjusted at runtime.

Figure 1. Prefetch design . .
Filtering useless requests

Another consideration for achieving an efficient implemen-
4 A prototype implementation for prefetching tation is to try to avoid useless requests for prefetching. F
example, when the predicted page matches the last predicted
An additional requirement to achieve an effective prefetch page (and, thus, it is a redundant request), or when the pre-
is an efficientimplementation for the mechanism. Thatis, th dicted page is already present on physical memory, or when



the memory system is overloaded and using prefetch wouldgets empty, until the JVM stores a new request. Although
add more pressure to the system instead of helping it. this synchronism method requires the execution of two sys-
First of all, our prediction code filters those redundant tem call, the overhead added by our code is still affordable
requests that would result from consecutive accesses to théor the applications that we have evaluated (see Section 5).
same page. We store for each instruction which was the pagd he other situation we have to face is the full buffer. In this
referenced in the last iteration, and we only predictif the a situation we have decided to prioritize the newest requests
dress accessed in the current iteration belongs to a differe and we overwrite the oldest one. However, the experiments
page. The other two filtering criteria are not easy to imple- we have evaluated has shown us that the usual situation is
ment with the current OS interfaces. In this prototype, we to have just one pending request in the buffer and, thus, the
have just implemented a heuristic that help us to eliminate prefetcher is able of managing all the requests.
some of the requests related to already loaded pages. Another important characteristic to consider is the CPU
Our heuristic focuses on matrices accesses and consists oscheduling policy of the OS. This policy decides when the
detecting some repetitive accesses to the same set of pages prefetcher gets the CPU and, therefore, it influences the tim
avoid the redundant requests that would involved. Our coderequired to load the page. We have to remark that it is de-
determines the number of columns or the number of rowssirable to have low values for the prefetch distance, betaus
belonging to a given set of pages and, therefore, it is able ofthis allows the prefetcher to avoid more page faults. Far thi
deducing if the new target row or column would involve the reason, we increase the scheduling priority of the preéatch

same set of pages. marking it as aeal time thread which forces the OS to as-
sign the CPU to it whenever it becomes ready to execute. For
4.2 The second step: prefetcher the applications we have executed, although the perforeanc

is better assigning the real time priority to the prefetctier

In order to overlap the loading of the prefetched pages difference is always less than 2%. However, we suspect that
from disk with the computing time of the application, we this difference may become greater with applications with a
have added another execution flowefetche) that, concur-  high percentage of computing time.
rently with the execution of the applications, accesses the

requested pages: if the page is already loaded on memory4.3 Influence of the operating system
the cost of the access is negligible; if the page is not loaded

then the access is a page fault that the OS solves reading the . . .
pag 9 As usual, the implementation presented depends on the in-

page and updating the page table. .
Although the prefetcher code is a very simple loop, there _terface provided by the OS. But we also have detected some

; o . implementation details of the OS that heavily affect to the

are several points to decide in this implementation that can fici f d
heavily affect the final performance. We have two differ- efliciency ot our code.
ent options to implement the new flow of execution into the
JVM: we can implement it as a lightweight process or as an kernel prefetching
independent process. Although it seems to be a very easy de-
cision to take, it is necessary an evaluation to decide wiiich The Linux kernel implements some kind of memory
both approaches would offer better performance for our pur-prefetching, very limited because it lacks information atbo
poses. As we show in Section 4.3 we have detected that, inthe applications access pattern. Linux has a system variabl
some OS implementations, the lightweight process approachhat indicates how many pages to load whenever it has to
may be penalized by internal locks of the OS. solve a page fault. The default value for this variable is six

We have evaluated both options and, in our execution plat-teen pages, although the administrator of the machine can
form, the lightweight approach shows better performance modify this value. Note that changing this parameter affect
than the independent process approach. The main reason fall the applications and accesses. Thus, whenever a page
this behavior is the performance of memory accesses whichfault happens, the Linux default behavior consists on load-
in the case of the independent process, slowdowns the pering the target page as well as the consecutive sixteen pages,
formance application by a factor of 3,5 (for a more detailed without any consideration about the access pattern nor the
discussion please refer to [2]). contents of the pages. The concurrent execution of the ker-

In order to implement the communication between the nel prefetch and our prefetcher is redundant, in the bekeof t
JVM and the prefetcher we use a shared circular buffer. Thecases, and may penalize the final performance of the system
prediction code added to the JVM stores in this buffer the in a general case. This is because the kind of access pat-
data describing each request (initial address, stridetland tern that can benefit from the kernel prefetch is a subset of
number of pages to load), and the prefetcher accesses to thithe kind of access pattern that can benefit from our prefetch
bufferin order to get the requests to serve. In addition,s&e u proposal. For this reason, we have deactivated this kernel
a system semaphore to block the prefetcher when the buffeprefetch feature in order to evaluate our proposal.



Memory replacement 5 Evaluation

Another collateral effect that we have observed is related t
the execution of the replacement of physical memory. In
Linux, this task is developed by a kernel thre&ewap dae-
mon). In some situations, the prefetch of pages may interfere
with the kswap daemon decisions, increasing the total execu

In this section we present the results from the experiments
we have executed to evaluate our prefetch prototype and,
thus, to show that our prefetch approach is a feasible method
for improving the performance of Java applications that use

tion time. In previous versions of the Linux kernel this etfe  1arge arrays. We have run our experiments on a 500 MHz

may become very pronounced. However, this memory man-Pentium Il processor, with 128 Mb of physical memory.
agement task has been redesigned in more up-to-day versions N order to evaluate the memory management perfor-
of the kernel, and this has been reverted into a more benefimance, we have counted and classified the page faults caused
cial interaction. We have evaluated our prefetch proposal o PY the JVM. We separate the page faults caused by the ap-
the Linux version 2.4.2. In this version our proposal also Plication code from those caused by the prefetcher. More-
benefits the execution of the applications, however, the in-OVer, we also separate the page faults caused by accessing
terferences with the kswap daemon in some cases reduce th@ P2ge that has already been requested from the swap area
benefits from our prefetcher more than 4 times, compared toPUt it is still in transit (this may happen, for example, ieth

the benefits obtained on our current Linux version. prefetcher requests the page without enough anticipation)
addition, we have measured the time dedicated to solve each

page fault type, as well as the total application time. These
measurements require us to modify the Linux kernel, to add

Another negative interaction between our prefetch proto- the counters and the code that manipulates them. We have
type and the OS was present in the page fault managemerﬁlso added to the JVM the code to Configure the Counting
of older versions of the Linux kernel (we have studied the and to get the results. We have implemented this new inter-
2.2.12 and 2.4.2 versions). Although this negative intisac ~ face between the JVM and the kernel through a kernel driver.
has disappeared in our Linux version (2.4.18), this effect i Finally, we deactivate the Linux memory prefetching for the
an interesting example of how the OS implementation canevaluations of our proposal.

condition some decisions of our prefetch implementation. ~ We have chosen for these experiments the matrix multipli-
Former versions of Linux used a coarse grain locking mech-cation, because this is an often used kernel in programs deal
anism to guarantee the consistency of the memory managemg with matrices. The size of each element of the matrices
ment data structures. This mechanism allows just one threads 8 bytes (doubles). We have run this algorithm on differ-
of an application to have a page fault pending to solve, evenent sizes for the input matrices, to study the behavior of our
if the page faults are completely independents and could beprefetch proposal on different conditions of physical mem-
solved without interferences. This may resultinto an uirdes ory availability. In Figure 2 we show the results obtained
able behavior for our prefetch mechanism, because the JVMwith a data set input small enough to remain on memory dur-

could block due to the page faults caused by the prefetcher. ing all the program execution. The dimensions of both input
matrices is 500x500 and, thus, the multiplication loops exe

cute with no page fault and the kernel prefetch has no effect
on its execution (see Figure 2.a). In addition, our prefetch
The sensitivity of our prefetch prototype to changes in® th is useless and, therefore, the results show us the overhead
kernel implementation is something to be expected, as we areadded by our code when no benefit is possible (see Figure
adding a memory management task into the user level tha2.b). Comparing results from the original JVM with results
executes transparently to the kernel. Thus, this codedicter  from the JVM with prefetch, we can see that this overhead is
with the memory management tasks of the kernel and, if thearound 12%. We have to remark that at runtime it is possi-
kernel code changes so it does the interaction with our code ble to detect if the data set of an application fits on physical
As we show in Section 5, with this prefetch prototype we memory and, thus, the JVM can deactivate for this applica-
get the goal of showing the potential benefits from a prefetchtion the prefetch feature, avoiding this way the overhead of
directed by the JVM. However, the final design of this strat- the additional code (see Section 7).
egy should avoid the interferences between both manage- We have also used this case to study how the filters
ment levels. In order to eliminate these interferences wepresented in Section 4 affect to the performance of our
should design the prefetching mechanism as a cooperativeprefetcher. We have seen that if we do not use the heuris-
task between the JVM and the kernel. That is, the JVM tic for detecting some repetitive accesses to a set of phgest
should decide which pages to prefetch, taking benefit of theexecution time of the prefetcher multiplies by a factor l@gh
knowledge it owns about the application behavior, and thethan 6. In addition, if we do not use the filter to avoid consec-
OS should carry out the page prefetch. This implies modify- utive predictions to the same page, the execution time of the
ing the kernel to offer this feature. prefetcher multiplies by another factor higher than 3. Ehes

Page fault management

Lessons learned
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Matrices: A(1024x4096) * B(4096x4096)

P
results confirm to us the importance of reducing as much as & ,ge.07
possible the number of request to the prefetcher. g’ 2,1E+07

In Figure 3 we show the results for a data set input that s JSEISZ @jvm pf
do not fit on our available physical memory. The dimension £ 00g+00 == — = | Win transit JVM pf
of the matrix traversed by rows (A) is 1024x4096 (32Mb). 2 el el orotaton (v Em:::sﬁsf g

The dimension of the matrix traversed by columns (B) is prefetching)  prefetching)  kernel
4096x4096 (128 Mb). With these matrices, it is possible to prefetching)
maintain simultaneously in memory the target row of ma-
trix A and the columns from several physical pages of ma-
trix B. In this way, while the JVM is accessing the columns
from a given set of pages our prefetcher is able of loading the
columns for the next set of pages. This is the best scenario

that this algorithm can offer to our prefetch approach. mance only deactivating this feature. However, if we execut
We can see in Figure 3.a that, if we execute this applica-the application with our prefetch proposal, the perforneanc
tion with the kernel default behavior, 52% of the total appli is still improved, reaching an improvement of around 45%
cation time is spent solving page faults. If we execute the with respect to the original execution, and an improvement
same application deactivating the kernel prefetch, theepag of around 30% with respect to the original JVM deactivating
fault time becomes 84% of the total time. Ideally, if the the kernel prefetch.
prediction algorithm of the prefetcher always hits the pre-  In Figure 3.c we show the number of page faults caused
diction and the distance of prefetch is the suitable, then th in each case. We can see that the execution with our prefetch
prefetcher should be able to reduce the execution time of theproposal achieve the JVM only to causetransit page
application by the time it originally spent solving pagelfau faults that is, the prefetch always requests the page for the
However, we have to consider that this reduction of the ex- JvM, but not with enough anticipation. However, the reduc-
ecution time is based on overlapping the time required for tion on the total execution time indicates that the slowdown
loading the pages with the application computing time and, due to thesén-transit page faultss not significant.
therefore, the potential improvement depends notonlyenth  Finally, we have selected a third data set input to increase
application page fault time but also on the application com- the stress of the memory system. With these matrices, it is
puting time. possible to keep simultaneously in physical memory the tar-
In Figure 3.b we show the total execution time of the ap- get row of A, and the columns of B of just one set of pages.
plications in the three considered cases: executed with thewith this scenario, our prefetcher should request a page for
original JVM and the default kernel behavior, executed with the next set of columns only when it detects the last refer-
the original JVM but deactivating the kernel prefetch featiu  ence to a page for the current set of columns. However, the
and executed with the JVM that includes our prefetch feature elapsed time between this situation and the access to the nex
We can see that the kernel prefetch penalizes the execdtion ocolumns is very small and, therefore, it is difficult for our
this application, and we can improve significantly its perfo  prefetcher to be on time. We have seen than, although our

(c) Page faults

Figure 3. Large matrices multiplication



prefetch is not able to load on time the required pages, theFinally, we have detected that cooperation between the OS

performance of the application does not diminish [2]. and the JVM is desirable. We have seen that the performance
of a prefetch mechanism implemented only in user level de-
6 Related work pends heavily on implementation details of the memory man-

agement tasks offered by the OS. Thus, the evaluation of the
. L . , prefetcher on different versions of the OS has produced dif-
As Java is growing in popularity we can find a lot of work ferent performance results. In addition, many heuristageh

that study the memory management of the JVM execution, po ,sed in the current prototype that would not be needed
environment. However, all this work do not consider appli- i ihe 0g cooperates with the JVM.

cations working on large objects that survive through al th

execution. On the qontrary, it is focused on improving .the add to our prefetch prototype the cooperation with the OS.
performance ‘_Jf applications thf"‘t execute a lot of alloe®io | thig new design the JVM will take the prefetch decisions
and dgallqcatlons_ of small objects and, therefore, garbag(?:onsidering the information it owns about the applicatien b
collection is a key issue for these studies. For exampleethe | ,yior and the information the OS has about the memory sys-
are proposals for garbage collection algorithms that do notie state. This information will replace our current hetirss

alter the da_ta locality 3, 9]; there arg also policies faqe- . usedtofilter useless requests. Then, the JVM will ask the OS
ment of objects that decrease the time of garbage collection, |54 them in advance.

and that also favors the data locality [9, 10, 8].

We can also find proposals for cache prefetching in Java
[6]. This work considers small arrays and linked lists of ob-
jects, and proposes to modify the compiler to analyze the
source code and insert prefetch operations into the appli-
cation code. They simplify traditional techniques of stati IEEE 2003 International Symposium on Performance Evalua-
prefetch at compile time, in order to incorporate them to the tion of Systems and Applicatignustin, TX, March 2003.

JIT compiler and obtain a dynamic prefetch, but they leave [2] Y. Becerra, J. Garcia, T. Cortes, and N. Navarro. Memory

As future work, we plan to study with more detail how to
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