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Abstract— The performance of object oriented applica- objects in typical applications and the limited resources.
tions is severely influenced by the access time to the pro-  We propose to estimate the bandwidths to the most ac-
cessed data. On a multiprocessor system with distributed cessed objects instead of measuring the bandwidths to all
shared memory, the average access time can be optimised e ots Section V describes our heuristic algorithm to dy-
by allocating the objects in the most appropriate memory. namically identify the most accessed objects. This heuris-

Knowledge of the bandwidths between an object and the dif- . . . . .
ferent processing elements is important to choose the best tic algorithm also provides an estimation of the bandwidth

allocation. We want to establish dynamic memory alloca- t0 those objects. _ _
tion on a mixed hardware/software platform. Objects will This algorithm was implemented and tested (section VI)
be moved from one memory to another in order to increase in a profiler on top of BCel [1]. Results in section VII

the system performance. Therefore the bandwidth to each gshow that this heuristic performs quite good on the tested
object should be measured on the fly, both in hardware and  yapchmark applications.

in software. Due to the large number of objects in typical

applications and the limited resources, it is not feasible to [l. HARDWARE/SOFTWARE PLATEORM

count data accesses to every object. Only a small number

of objects can be tracked. We present a hardware friendly Our hybrid hardware/software platform is described

heuristic for dynamically identifying the most accessed ob- in [4]. It consists of a general purpose PC and an FPGA

jects. Our heuristic also provides estimations of the total board that is plugged into the host computer. The JVM

number of accesses to each object. Comparison of theserynning the application is modified in order to check for

estimations with full bandwidth _m_ea_surements in software each method call whether a hardware implementation for

shows that the presented heurlstlc_ls rather accurate: for this method is available on the FPGA. If such an imple-

some benchmark programs the objects locally responsible L . L .

for up to 80% of all data accesses are identified. mentation is available com_munlcatlon will be d(_elegated tq
- . hardware. One of the major advantages of this system is

Keywords— profiling, bandwidth, hardware-software co- o

design, heuristic the fact that it is completely transparent to the Java pro-

grammer. This transparency allows the use of hardware
acceleration without changing the application, nor recom-
piling it.

We are studying a hybrid computing system consisting The system has a distributed memory: besides the main
of a CPU and a Field Programmable Gate Array (FPGApemory of the host computer, there can be external mem-
used to accelerate computationally intensive tasks. Thasy on the FPGA board. All memories are mapped into
system executes Java applications on a modified Java \ite same address space. This also is transparent to the
tual Machine (JVM). As section Il describes, Java objectsrogrammer. Methods in software and methods in hard-
can be placed in different memories and access timesware can access the same objects without having to know
those objects differ. Our mixed hardware/software platn which memory they reside. Nevertheless the memory
form allows the objects to be moved from one memory tthat holds a certain object is very important because ac-
another. Choosing the optimal location for each object wiltess times to this object depend on it.
enhance the system performance. Communication between the host computer and the

Knowledge of the bandwidths between an object andPGA board is very costly [4] and should be avoided. If an
the different processing elements, i.e. CPU or methods @ject is accessed only by methods in software, the object
hardware, is important to choose the best memory allocghould reside in main memory on the host computer. Ob-
tion. We like to measure those bandwidths on the fly, boflects which are accessed mostly by methods implemented
in hardware and in software. Section Ill shows that thisn hardware should reside in memory on the FPGA board.
is not trivial, even impossible, due to the large number of Objects can be moved from one memory to another, e.g.

I. INTRODUCTION
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at garbage collection time [3]. In order to move the righB. Profiling in hardware
?bjects tt)o tr:e right memor)é, \t/)ve ne;?d 0 kno(\j/vbho:]v rr;any On the hardware side a special profiler block can do the
IMES ODJECIS are accessed by software and by har W%rr%filing in parallel with the functional hardware. This ap-

methods. proach causes no overhead in execution time.
There is however another overhead: for each Java ob-
Ill. PROFILING BANDWIDTHS ject a counter register should be available on the hard-

We like to measure bandwidths to objects with the jno/are. Due to the large number of objects in typical ap-

tention of establishing dynamic memory allocation on thighcaﬂons (e.g. several millions in SPECjVm98 programs

. S 227 _mtrt and _205 _raytrace ), these registers con-
hybrid hardware/software system. It is important to coun? ) '
y y P me a lot of the available resources on the FPGA.

. Su
accesses to an object from the software and from the . -
To reduce this area overhead, we have to limit the num-

hardware separately. Therefore two types of profilers aye . . o .
needed: one in software and one in hardware. [)er of counters. This can be done by identifying the ‘most

important objects’ and only instantiating counters for these
objects. Section IV tries to find a good definition for ‘im-

A. Profiling in software portant objects’ in our use case.

Different approaches are available in order to analyse
software execution in general or bandwidth profiling in
particular. One approach is instrumentation of the soft- As explained earlier, the end goal of the profiling is
ware. Special instrumentation code is inserted in the aj® identify objects that are candidates to be moved from
plication. While the program is executed, this code camemory close to the software side to memory close to the
perform the profiling, e.g. counting data accesses to evemrdware side. It is obviously not useful to move objects

IV. DEFINITION OF ‘IMPORTANT OBJECTS

object. which are not accessed frequently.
Moving an object from one memory to another involves
Heap accesses copying its data and updating references to this data in the
3500 Eoetield Bputted Boetsat Bpsat Belond Bestre virtual machine and on the hardware platform. This clearly

is a costly operation. For frequently accessed objects this
can lead to a performance gain, but for less accessed ob-
2500 || jects the cost for moving them would dominate every pos-

oo i sible gain.

The conclusion is that only frequently accessed objects

3000

Number of accesses (millions)

e must be considered as important and only accesses to these
1000 important objects should be counted. The next section ex-
plains our heuristic approach for identifying these impor-
. — == | tantobjects on the fly.
. = B I s I

201-compress  213-javac 200-db  222-mpegaudio  227-mirt 202-jess 205-raytrace

V. HEURISTIC

Fig. 1. Total number of heap accesses in several applications ofOur heuristic algorithm maintains a list &f currently
the SPECjvm98 benchmark. important objects and a counter field for those objects.
Each time an object is accessed, the algorithm checks if

The inserted instrumentation code needs to trap evellye object is in the list. If that is the case, its counter will

read and write operation to every object used by the ape increased. Objects which are not in the list are consid-

plication. Figure 1 shows the total number of read aneéred unimportant and accesses to those objects are simply

write operations in several applications of the SPECjvmdagnored.

benchmark [2]. Due to the large number of accesses, thisAfter interceptingV’ accesses to objects? least ac-

full instrumentation introduces a considerable slow doweessed objects are removed from the list. They will be

of the execution. Sampled instrumentation can be usedreplaced by the firsi different accessed objects. As long

solve this problem. This reduces the overhead but it alss the program runs, the list 8f important objects is up-

decreases the accuracy of the results. In Section VII tated this way.

influence of sampling on the performance of our heuristic Each timeR objects are removed, the counters for the

algorithm is studied. N — R objects remaining in the list are multiplied by
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a € [0, 1]. With o equal to0, the algorithm looses infor-
mation on the history of data accesses in the past. Whemublic void access(Object 0) {

a is chosen equal td, no information is lost. But this is for (int i = 0; i < N; i++) {

not fair to new objects which have not been counted yet. ~ f (obiectslil == o) {

For our experimentsy is 0.5. This choice eases the future| ﬁoznt!irsgng;’

hardware implementation. Our experiments show that this, if (counters[i] > counters]i-1]) {
rather arbitrary choice, performs quite good. int j =i

while j > 0 &&
counters[i] > counters[j-1]) j--;
int templ = countersfj];

Figure 2 shows the Java method performing this algo-
rithm. The method starts finding the objextin the list

objects . If the object is found in the list, its counter is counters[j] = countersil;
incremented. We want the list to be sorted, starting with counters[i] = templ;
the most accessed objects. This sorting is done incremen- Object temp2 = objects[]];

objects[j] = objects]i];

tally. After incrementing a counter the position of the obr objects[]] = temp2:
jecto is reconsidered. If necessary objetijects]i] }
will be swapped withobjectsj] . }

If object o is not found in the list but there is room to break;
add a new object, i.e. the list contains less thanbjects ?f (objects[i] == null) {
orobjects[i] == null , the objecb is added and its objects[i] = o;
counter is initialised to 1. counters[i] = 1;

At the end of the method a counteountV is decre- ) break;
mented. This counter was initialiseditd WhencountV }

reached), the R least important objects are removed from  countv--;
the list and the counters for the other objects is rescaled if (countv == 0) {

with factor a. AfterwardscountV is initialised to V' for (inti=0;1<N- R it {
counters[i] = (int) Math.round(

again. (double) countersi]* alpha);
}
V1. IMPLEMENTATION AND TESTS for (int i =N - Ry i < N;i++) {
objects[i] = null;
We implemented a software profiler in Java. We used counters[i] = 0;
the Byte Code Engineering Library (BCel) [1] to manipu- ioumv - v

late the Java class files of the applications. Before the JVM }
can execute a Java class, this class has to be loaded withja
Classloader. We adapted the BCel class loader in order to
instrument the class before the actual execution.

Every read or write operation on a field of a Java object
was intercepted. Just before the bytecodetfield

Fig. 2. Java code for heuristic algorithm.

putfield , getstatic , putstatic , aload and VIl. RESULTS
astore a call to our algorithmdccess(Object 0) )
was inserted. The heuristic algorithm is tested on applications from

In order to test our heuristic algorithm, we divided thdhe SPECjvm98 benchmark. Several combinations for the

program execution in several blocks. Each block contaif@rametersV, 2 andV were exhaustively tested. For pa-

the same number of read and write operations. During tii@meterN the following values were tested: 5, 10, 15, 20

execution of a block, every read and write operation is iRd 25. R was in the rangé, ..., N andV = m - 10%,

tercepted. Whenever an object is accessed, the test fubdth i =1,...,6 andm =1,2,5.

tion updates one of two counters: one counter for accessed he results of these measurements show that our heuris-

to important objects and another for other object access#és.algorithm performs quite good. This can be seen in Fig-

At the end of an execution block, the value of these coumte 3. For_201 _compress , 228 jack and_209 _db

ters is exported in a file and the counters are reset for thge quality is even more than 80%.

start of the next block. As could be expected, the paramedérhas a great in-
The relative number of accesses to ‘important’ objecttuence of the performance of the algorithm. For a larger

gives an indication of the real importance of these objectd/, the estimation of important objects is better. This in-
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fluence can be seen in Figure 4. This graph also shows
that for some benchmarks a relative small list of object - Quality of Heuristic Algorithm
has to be tracked. This is very important for the hardwal | pg
implementation, where resources are limited. _

Some benchmark applications, e.202 _jess , have
a fazed behaviour. At the start of a new faze, whenne_ | | | F | |
objects are referenced, the quality of our heuristic dropz .| | | | | |
But after a while our algorithm ‘learns’ the new importam% woe L L
objects and the quality rises again. This can be seen  w«[ | | | | |
Figure 5. won L

VIIl. CONCLUSIONS AND FUTURE WORK o%

201-compress 228-jack 209-db 213-javac 222- 202-jess 205-raytrace 227-mtrt
mpegaudio

We presented an algorithm estimate a list of the mos.
accessed objects in an objected oriented environment. Al-
though this research is still in a preliminary stage, the first
results are promising. For some of the evaluated bench-
mark programs our heuristic can effectively estimate the

Fig. 3. Average quality for several benchmarks.

most important, i.e. most frequently accessed, objects. =28k —o2idiac - 200ab - 202jess ~+-227mint - 205ayiaco —a-22 o —+-201
FUture work includes further enhancement of the algc o

rithm and implementation in hardware and software in ol

der to test the capabilities of this algoritm to establish dy :: — D,

namic memory allocation on a hybrid hardware/softwar —

platform. 2 P///"_ﬂ
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Fig. 5. Quality of the ‘important objects’ during the execution
of the 201 jess application. Execution time is expressed in
number of data accesses.
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