
Table 2 summarizes the behavior of the traditional implementations of the
sample applications, each application running two different workloads.

Table 2. Traditional Implementations of Experimental \Vorkloads.

Tþst Case Instructions
Per Call

Instructions
Executed

Cycles
Executed

Bytes
Allocated

Heap Size
(bytes)

Cycles in
nalloc/free

sf f t/small
sf f t/medium
lisp/prune
lisp/db
troff/paperl
troft fpaper2

61,033,415
243,298,164
250,626,176
430,967,788
312,497,672
843,986,701

77,7tt,461
309,626,744
304,271,795
520,369,298
519,231,664

1,644,574,888

13,328
13,328

643,435

9t0,571
1,407,369

3,431.t19

37,392
37,392

1,276,432

r,790,496
760,080

1,014,000

6,t23
6,123

9,061,562
12,661,448
15,120,973
4r,982,325

448
448
23

23
45

45

The first column of Table 2 represents the quotient of dividing the total num-
ber of instructions executed by the total number of function calls. These values
are extrapolated from studies performed previously [45], and do not represent ex-
actly the same workloads otherwise reported in this paper. The cycles reported
for nalloc and free invocations exclude the time occasionally required by the
operating system to expand the brk region. The ratio between the number of cy-
cles and the the number of instructions executed varies from 1.2 to 1.9, depending
primarily on the likelihood of instruction and data cache hits. Instruction and data
accesses are much less localized for troff than for lisp and sfft. Note that
lisp's heap size is approximately twice as large as the total number of bytes
allocated. This is because each allocated object must be aligned with two-word
boundaries, and each object is accompanied by a header that describes the size of
the dynamic object. The size of sf ft's heap is almost three times as large as the
number of allocated bytes. For this program, the size of the heap is determined
by the default initial heap size rather than by the application's need for dynamic
memory. Note that the heap size for the troff applications is much smaller than
the total number of bytes allocated. This is because trof f recycles memory by
deleting objects whose useful lifetime has ended.

Thble 3 summarizes the performance of the garbage-collected c++ implemen-
tations of the same experimental workloads.

Semispaces are constrained to power-of-two sizes by limitations in the cur-
rent simulator implementation. The smallest heap configuration supported by the
garbage-collected system is 256K8 per semi-space, which is 5I2KB (524,288
bytes) total. This heap configuration is large enough to support the sfft and risp
workloads, but larger heaps are required to support the troff application. For the

Reliable Real-Time Garbage Collection of C++ 495



garbage-collected implementation, the cycles spent in allocation of new memory

includes both the time spent allocating new objects, and the time spent initializing

tag bits to enable the garbage collector to distinguish between words containing

pointers and words known not to contain pointers. The last column of Table 3

reports the number of times that each experimental workload requires garbage

collection.

Table 3. Garbage-Collected Implementations of Experimental Workloads.

Test Case lnstructions
Executed

Cycles
Executed

Bytes
Allocated

Heap Size
(bytes)

Number
of Flips

Cycles in
Allocation

sf f t/small
sfft/medium
lisp/prune
lisp/db
troff/paperl
trof.f,f paper2

6r,345,060
2M,456,999
304,4ø,457
52s,611,056
339,538,043
9r2,908,256

78,714,908
313,387,314
378,763,456
654,509,97r
507,428,938

1,514,830,175

53,650
53,650

779,281.

I,104,109
1,598,820

3,654,093

5U,288
524,288
524,288
524,288

2,097,152
4,t94,304

31,512 0
3t,512 0

l,7tl,t43 4
2,429,129 6

2,251,436 2

s,994,677 2

Table 4 tabulates the comparative performance of the two implementation

techniques.

Table 4. Garbage-Collected C++ vs. Traditional C++.

Test Case Instructions
Executed

Cycles
Executed

Bytes
Allocated

Heap Size
(bytes)

Allocation
Cost

sf ft/small
sfft/medium
lisp/prune
lisp/db
troff/paperl
trof.f. f paper2

+5.1 percent

+4.8 percent

+21.5 percent

+22.0 percent
+8.7 percent
+8.2 percent

+1.3 percent

+1.2 percent

+24.5 percent

+25.8 percent

-2.3 percent

-7.9 percent

+302.5 percent
+302.5 percent

+21.1 percent
+21.3 percent
+13.6 percent

+6.5 percent

N/A
N/A

-58.9 percent

-70.7 percent

+175.9 percent

+313.6 percent

+414.6 percent
+414.6 percent

-81.1 percent

-80.8 percent

-85.1 percent

-85.7 percent

In all cases, the garbage-collected implementations require more instructions

to perform the same total amount of work. The increase in instruction counts is

due primarily to the overhead of maintaining run-time type information to describe

the contents of each function activation frame. The combination of prologue and

epilogue code in the garbage-collected implementation of C++ executes a mini-

mum of nine extra instructions pef function call [39]. This is why the lisp work-

496 Kelvin Nilsen



loads, which have the smallest average function size, exhibit the greatest increase
in executed instructions. Even though the garbage-collected implementations exe-
cute more instructions than the traditional implementations, the garbage-collected

implementation of trof f requires fewer total machine cycles than does the tradi-
tional implementation. The traditional troff implementation uses a single bank of
memory to represent all code and data. The garbage-collected implementation uses

one bank of memory to represent code and static data known not to contain point-
ers, and a different bank of memory to represent the dynamic heap. Since each

bank of memory is implemented using static-column DRAMs, localized memory
accesses within each bank perform better than completely random accesses. By
separating the dynamic heap and code into distinct memory banks, the garbage-
collected implementation improves the locality of memory references within each
bank. This is the primary reason that the garbage-collected implementation of
troff runs faster than its traditional implementation. Note, however, that this is
not the only factor that influences the comparative CPI (cycles per instruction) of
each application. In the lisp applications, for example, the percentage increase in
number of cycles is greater than the percentage increase in number of instructions.
This is because the garbage-collected lisp implementation exhibits a worse cache
hit rate than the traditional implementation. Remember that the garbage-collected
system periodically invalidates the cache in order to initiate garbage collection.
All of the garbage-collected implementations heap-allocate more memory than
the traditional implementations of the same applications because the garbage-

collected implementations heap-allocate stack activation frames [39]. V/e do not
compare the heap sizes for sfft because this comparison would serve only to re-
port the relationship of the smallest initial heap sizes for the two implementations.
The garbage-collected lisp implementation uses a much smaller heap than the
traditional implementation because the garbage collector automatically recycles
memory that the system's developer did not bother to reclaim. Comparisons be-
tween the memory utilizations of the two trof f implementations emphasize that
copying garbage collectors require at least twice as much memory as the amount
of live heap-allocated data. In the simulator's measured conûguration, the ex-
pected ratio between real memory and live memory is 2.25 [39]. Using trof f 's
traditional heap sizes as an estimate of the amount of live data, we would expect
the garbage-collected memory requirements to be 1,710,180 and2,28I,500 bytes
for the paperl andpaper2 workloads respectively. Note that the measured memory
usage of the garbage-collected troff implementations is consistent with the val-
ues calculated by rounding 1,710,180 and,2,281,500 respectively up to the nearest
power of two. In an actual hardware implementation, semispace sizes need not
be equal to a power of two. The last column of Table 4 emphasizes the poten-
tial performance benefits of the hardware-assisted garbage collection technique in
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comparison with more traditional dynamic memory management techniques. For

all of the workloads that make effective use of dynamic memory management, the

garbage-collected implementation runs in less than 25 percent of the time required

to explicitþ manage the same dynamic memory.

Table 5 is of particular relevance to the real-time practitioner. This table re-

ports the range of times, measured in terms of machine cycles, for each dynamic

memory operation.

Table 5. Variation in Cycles Required to Manage Memory.

Test Case Traditional Implementation Garbage-Collected Implementation

Cycles per Cycles per

mallocl free
Cycles per

allocation{

sf ft/small
sf ft/medium
lisp/prune
lisp/db
troff/paperl
trof.f f paper2

378 - 5,745
378 - 5,745
132 - 4,357
132 - 7,081
132 - 7,350
132 - 7,256

N/A
N/A
N/A
N/A

70 - 828

70 - 816

rt-43
rt-43
rl -97
tt -96
Lt-99
rt-94

f Excludes the costs of system calls to expand the brk region.
I Excludes certain communication costs associated with the exchange of
information between the CPU and the GCMM. This communication adds

approximately 10 additional machine cycles per allocation.

The garbage-collected implementation was measured to perform all memory

allocations in less than 100 machine cycles. Assuming a 50MHz clock rate, this

corresponds roughly to a worst-case memory allocation time of 2 p,s.ln contrast,

the time to allocate a new object using a traditional implementation of nalloc
was measured to range from approximately 2 to 150 p,s. Though ffaditional imple-

mentation techniques offer good average-case performance, occasional allocations

result in unacceptably long latencies.

These simulations have demonstrated that the proposed architecture executes

programs in time roughly comparable to that of traditional architectures. But it is
important to remember that average-case performance is not the only issue here.

The hardware-assisted garbage collection system provides the additional benefit

of guaranteeing small upper bounds on the time required to read, write, and allo-

cate an object in garbage-collected memory and it automatically reclaims unused
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memory. The major shortcomings of the proposed memory architecture are that
the system incurs a high overhead on function invocation, and the system requires
more memory than traditional dynamic memory management implementations.

continuing research focuses on constructing and evaluating a hardware pro-
totype of the real-time garbage collection system. The system currently under
development differs in several ways from the simulated design:

1. The code generation model for the new system will generate function pro-
logues and epilogues that are, on average, nearly as time efficient as what
is currently used in traditional c++ implementations. we achieve this by
establishing a standard activation frame template that serves all functions.
The layout specifies which fields within the activation frame contain point-
ers. Large activation frames are represented by several contiguous copies
of the standard template. Functions whose activation frames must represent
structured data that does not fit the standard activation-frame template heap-
allocate the structured data using techniques similar to the techniques used
for all activation frames in the current implementation of garbage-collected
C++ [39].

2. The hardware protocol for communication between the CPU and the
GCMM has been modified to reduce the need for the CPU to wait for
GCMM operations to complete before proceeding. The new system al-
lows the GCMM to pipeline the most commonly executed operations, only
stalling the CPU when the pipeline fills. This new protocol will provide
much better average-case performance for object allocation and descriptor
tag initialization.

3. We have designed a hybrid garbage collection technique that uses copy-
ing garbage collection to compact certain segments of the heap while
processing the remainder of the heap using mark-and-sweep techniques.
This hybrid technique provides the benefits of compacting garbage collec-
tion without limiting heap utilization to less than 50 percent. The hardware
prototype will support this newly designed hybrid garbage collection tech-
nique in addition to the fully-copying garbage collection technique that has
already been simulated.

Considerable performance evaluation will be required to fully characterize the
costs and benefits of the proposed hardware prototype. Nevertheless, extrapolation
of current performance results suggests that the hardware prototype will provide
much better performance than has been demonstrated by the simulated architec-
ture.
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5. Conclusions

Software engineers specializing in the development of real-time systems have in-
vested decades of research and experience in the creation of methodologies that
promote the creation of real-time software that reliably complies with all real-time

constraints. Garbage collection researchers who undertake to develop techniques

for real-time garbage collection must find ways to integrate their garbage collec-

tion systems with existing real-time development methodologies.

The technique for hardware-assisted garbage collection of C++ that is de-

scribed in this paper is compatible with traditional real-time development tech-

niques. Most other so-called real-time garbage collection techniques do not pro-

vide the fine granularity of timing behavior that is required for the creation of
reliable real-time systems.

Though special hardware is required to achieve real-time performance, the

experiments reported in this paper serve also to demonstrate that accurate garbage

collection of C++ is feasible.
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