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ABSTRACT

Object-oriented programming, such as C++ and JAVA, normally uses heap memory. In
order to manage heap memory, the system allocates memory space for a new object and frees the
unused space automatically. Garbage collector is used to free memory space. To improve the
garbage collection performance, VLSI technology is used for this purpose to develop a hardware
garbage collector. This thesis proposes an implementation of Reference Counting Garbage
Collection (RCGC) by using hardware algorithm based on VHDL that was the first presented
research. The binary buddy system and bit-map techniques are chosen to design the proposed
RCGC because they are easy to be implemented with combinational logic. The RCGC is
composed with two hardware designs: (1) object address allocation and initialization of reference
count part and (2) garbage collection part. The result shows that the proposed on RCGC
implementation can improve the system performance in comparison with software approaches in

case of internal fragments, cost of reference count management and the overall speed.
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Improvement of The Reference Counting Garbage Collection using
Hardware Algorithm

P. Bunyatnoparar and U. Ranok
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King Mongkut's Institure of Technology Ladkrabang BKK 10520
Email: kbprathe @kmitl.ac.1h, 10013282 @hotmail.com

Abstract

Object-oriented programming, such as C++ and JAVA,

normally uses heap memory. In order to manage heap
memory, the system should allocate memory space for a
new object and should free unused space automatically.
Garbage collector is used 1o free memory space. For
mproving the sysiem performance, VLS[ technology is
inroduced 1o develop hardware garbage collector, This
paper presents the implementation of Reference Counting
Garbage Collection (RCGC) by using hardware algorithm
based on VHDL. The binary buddy system and bit-map
techniques are chosen to design the proposed RCGC
because they are easy by implemented with combinational
logic. The RCGC is composed of two hardware designs,
objects address allocation and initialization of reference
count part and garbage collection part. The result shows
hat the proposed RCGC can reduce cost for the reference
count and also reduce the number of intemal fragments.

L. Introduction

Object-oriented programming languages such as Ci+
and Java can provide high memory inlensity in the heap
memory. [1) shows that Java/C++ applications can spend
from 23% to 38% of exccution time performing dynamic
memory management(1). One of the ways to improve the
system  performance is using  the dynamic memory
Management. Usually, dysamic memory management unit
is divided into 2 main sections, 2 memory allocation unit
and a parbage collection unil. Presently, parbage
collections implemented by software approaches with
basic algorithms including reference counting collector
and mark-sweep collector [2). In a reference counting
System, each object has an associated count of the
references (pointer). Each time a reference 1o the object is
created, the value of the pointed to object’s count is
incremented. When an existing reference (o an object is
climinated, the count is decremented. The memory
occupied by an object may be reclaimed when the value of

e tes e T LT

the object’s count equals zero, In tenms of abstract two-
phase garbage collection, the adjustment and checking of
reference counts are implemented in the first phase, and
the reclamation phase occurs when reference counts hit
zero. The advantages of reference counting is the most of
its operation interleaved with the runming program's own
execution 1o response time as well, but the problems are
intermal  fragmentation, overhead for management the
reference count in each time, In a mark-sweep garbage
collection are named for the two phases that implement the
abstract garbage collection algorithm, one for distinguish
the live objects from the garbage by tracing 10 mark the
live object and two for reclaim the garbage. Once Lhe live
objects have been made distinguishable from the garbage
objects, memory is swept, that is, exhaustively examined,
to find all of the unmarked (garbage) objects and reclaim
their space. One of the advantages is elimination of the
reference cycle objects but the disadvantages is that the
marking complexity depends on the number of active
objects while the sweeping complexity depends on the
overall number of objects. For improving the system
performance, researcher attempts 10 make enhancement
through the software approaches, but the  system
performance can not be highly improved. Over the several
years, there have been several approaches o implement
garbage collection function in the hardware. One of the
approaches is proposed by [3] introduced a new hardware
implementation for allocation the objects using binary
buddy system and bit-map techniques. This hardware
design takes advantage of the speed of a pure of
combinational logic which can be done in constant-time,
This paper presents the design of Reference Counting
Garbage Collection (KCGC) using hardware algorithin
implemented by VHDL. The proposed scheme takes an
advaniuge of the binary buddy syslem and bit-map
techniques, because they are easy to form the base of
binary tree and they can be implemented efficiently in
combinational logic [3]. This scheme is a new hardware
design and introduced in this paper in first time. We get

the concept from the previous software approaches [2][10].

This hardware algorithm  can improve the system
performance from software approaches [2)5)6(7J110) in
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w of nternal fragmentation, cost of reference count
sment and size of memory hicap.

The remainder of this paper is organized as foliows,
soction 2 provides the detailed memory  allocation,
',.,.‘.,“m-;c block based on binary buddy system. Section 3
ws the architecture of RCGC. Section 4 shows the
smplementation hardware algorithm. Section § shows the
results of our design. The Jast section is the conclusion.

2. Memory Allocation based on
Binary Buddy System

In [3). when a memery block of a given size is
allocated, buddy systemn locates the block whose size is
power of two and large enough 1o hold the requested size.
The black is split in half as many times as possible, until it

rescarches the block size which can hold the requested size.

The two any half of spited block are known as buddies.
When any black is freed and its body is free, the buddy
system naturally coalesces the blocks, making available a
larger size of memory. In software realization, the
operations of splitting and coalescing memory dominate
the cost of the buddy system. A hardware-maintained bit-
map approaches climinate the need for splitting and
coalescing operations.  Splitting  becomes unnecessary
because allocation is done wsing combinational logic. The
bit-vector (a portion of a bit-map) forms the base of this
binary tree. Deallocation is indicated by resetting bits in
the allocation bit-vector, eliminating the need for explicit
coalescing. Figure | demonstrates an example for block
deallocation. Hardware approach can be made realizes in
pure combinational logic, the time nceds for memory
management is greatly reduced.
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Figure 1 An example of memory deallocation

The binary buddy system always allocate memery in
size of powers of two, so they may leave unused space
known as intemal fragments. Hardware approach
climinates internal fragments by allocating/deallocating
the exact required size. This approach is known as
modified buddy system. Although the buddy system may
allocate a block that is larger than the requested size, the
logic that finds a free block can be augmented by the “bit-
flipper” in (3] 10 relinquish the unused portion at the end

of the block. Figure 2 shows an example of memory block
allocation
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Figure 2 An example for bluck allocation

3. Architecture of Reference
Garbage Collection (RCGC)

Hardware algorithm of RCGC refer 10 software
algorithm [2][6)(7] consisting of three phase, the first
phase is allocating memory heap for new objects and
seuting a reference count to one for the first time. The
second phase is adjustment and checking of a reference
count and the last phase is reclamating the garbage when
reference counts hit zero. Figure 3 demonstrates an
architecture of RCGC that based on [9]. Inside the RCGC,
three bit-vector are used to keep all of the object relevant
information such as allocation status of heap. the size
information of occupied blocks, and the size information
of reference count. The allocation status is kept on the
Allocation bit-vector (A bit-vector), the A bit-vector is se1
to Jogic *I" which represents a memory block allocated
and set 1o logic *0" which represents the memory block
deallocated. When h_malioc is called, the size information
is received by the Compleie Binary Tree (CET). This
dedicated hardware unit is responsible for location the first
free memory chunk that can satisly the request using the
modified buddy system. Besides location the memory
chunk, the CBT also has to send oul the address of that
newly allocated memory and updates the status of that
memory block from free to allocated and also reference
count is set to logic ‘1’ on C bit-vector. The size
information of occupied blocks is kept on the Size bir-
vector (S bit-vector). Each time an object is created or
reclaimed, the $ bit:vector is instantly updated by
hardware, B-unit (size encoder). The adjusiment and
checking unit is only used during the adjustment and
checking reference count phase of the reference counting
garbage collection cycle, it is actived by INC_DEC signal
and also receive object pointer relevant with reference
object and unreferenced object of user program. The
Reclamation unit is only used after that checking reference
count is equal to zero, if successfull, it will sem ge_ack
signal out.

Counting .
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Figure 3. Architecture of Reference Counting Garbage
Collector

4, Implementation
4.1. Hardware of memory allocation (Allocator)

Hardware of the memory allocation hardware for a new
object refered 1o [3](9] consists of three phase.

a) determine, there is enough memory space for
allocation request, by Or-Gate rree
hardware,

b) find the beginning 2ddress of that memory
chunk, by And-Gate iree hardware.

€)  flip the bits corresponding 1o the memory
chunk in the bit-vector, by Bir-Flipper
hardware,

These hardware is incorporated as CBT hardware for
allocating memory. This approach has created a new
hardware for setting reference count 1o be one. This
hardware keeps reference count on C bit-vector in position
relevant with A bil-vector. The studies have shown that the
reference count use three bit, being able to hold the
reference count for at least 99.99% of objects [11]. Thus
this approach will use three bils representing reference
count. Figure 4 demonstrates an example of keeping
reference count of value 5 on bit-vector The value of C
bit-vector before keeping reference count is equal to
11100011;. shifting the value 5 (101;) three times into
lemp  vector (000100100,), the available oulput s
HL0111,,

"11100011*  C bitvector before
"00010100"  bit-vector temp afler shifling |
size 0f 101  at address 011

Xor__ -

*11110111*  C bit-vector afler

Figure 4. Keeping reference count on bit-vector

Figure 5 shows an example of the object information after
ailocation requested for a new object at address zero and
object size of 4,

] 1 2 8 41 YO R

e e ]sieie]s]
KB nl ‘o‘[ oo !_qTi SBTVECTOR
fo a]r[e]e]

'
LE] o, -] l CDIFAYECTON
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Figure 5. Keeping information on bit-vector

Hardware allocator using binary buddy system and bit-
map techniques can reduce internal fragmentation. For
example, if the buddy system allocates eight blocks for a
5-block requested, the hardware can mark exactly five of
the cight bits(one bit per block). This allows using the
unused three blocks in the future.

4.2. Hardware of adjustmeni and checking
reference count (Adjust&Checking)

Each time a reference 1o the object is created, e.g.,
when a pointer is copied from one place to another place
by an assignment, the INC_DEC will active high for
incrementing the reference count and this hardware will
also receive object pointer indexed for C bit-vector. When
an existing reference to an object is eliminated, the
INC_DEC will show active low signal for decrementing
the reference count and will receive object pointer too, If
reference count is equal zero, this hardware will sent g
signal to active the reclamation hardware. Figure 6 shows
an architecture of adjustment and checking hardware.

*Heft printes retrieve |08 e | update | Yot
ViaeC | oot DEC_iNC "_‘ LA e

DES_INC =2 dis

Queding | 7

Figure 6. Architecture of Adjustment and checking hardware

The operation of adjustment and checking  reference
count is done by hardware approach, it can reduce the cos
and the time for reference count management. Thus can
improve the system performance as well.

4.3. Hardware of reclamation
When reference count is equal to zero, the hardware of

reclamation will aclive for free memory space. This
hardware that shows in figure 7 is developed from
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bit_flipper in [3][9). The output bits from bit-flipper will
setin bit-vector, While hardware of reclamation will ¢lear
bits in A bit-vector with size of object and the address of
ohject are reclamated and bits related in C bit-vecotor are
aiso cleared. This hardware does not use an exceute cycle
ume of program  because the hardware  is done
awomatically. Therefore, this approach can give better
performance than sofiware approach.

LK FHORE

Figure 7. Architecture of reclamation hardware
5. Results

The Modelsim SE-EE 54E from MTI is used for a
VHDL simulator and the Foundation series 3.li from
Xilinx is used for 2 synthesizer, The Virtex-V800BGS60
was initially chosen as the target device. Table | shows the
result of three component in terms of the number of slice,
gaie count and delays. Table 2 shows the comparisons
number of the number of slice, gate count, maximum
speed and delay time in design between Mark-Sweep
Garbage Collector [12] and RCGC.

Gives results of the hardware designs show that the
Allocator delay time and gate count more than others.
Because Alocator need many resources for determining
space, finding the first addresses of available memory
blocks, {lipping bits in bit-veclor and setting reference
count to one at the first time. While the response time is
better than that of Mark-Sweep Garbage Collector because
the RCGC can be interleaved with the program, so the
RCGC should be suitable 1o apply in real time system. The
cost for all three bit-maps in 2 64 MB memory is about 1.5
MB. We assume that each bit represents memory of 16
bytes. This means that there is about 2.3% overhead

81

Tablel. Component implementation results  on Virtex-
VE00GB560-6

Conponert [Size(bt) | N Lo Coung | Max Mt | Mia
Sice Cealyins) | Deinyne)
€ az 501 S 774 21684
Allocator 16 77 90 7862 31.704
» 163 1933 8233 42503
64 | 312 3,708 B.O93 57.504
) » 437 3549 17 655
;m 1 |74 857 7565 30.944
32 |1s0 1,787 8497 34.952
64 | 323 657 1293 29753
8 % 30 335 20037
Reclamation | 18 €3 733 €543 32028
32 |139 1,563 9618 LT
64 | 237 3414 13165 43771

Table 2. Hardware implementation results on Virtex-
VB00GB560-6
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6. Conclusion

This paper presents the design of Reference Counting
Garbage Collection (RCGC) using hardware algorithm
implemented by VHDL. The proposed scheme takes
advantage of the binary buddy system and bit-map
techniques because they can casily form the base of binary
tree and they can be implemented in combinational logic
cfficiently. This hardware can improve the system
performance from software approaches in case of internal
fragments, cost of reference count management, and size
of memory heap reference count. For a future research, our
design will be implemented with Java processor.
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