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void Foo(void) {
void *ptr = AllocObject();
Bar(ptr);
...

}

(a) Generated C code

static void **PtrStackTop;
void Foo(void) {

// allocate stack slot for the pointer
PtrStackTop++;
PtrStackTop[-1] = AllocObject();
Bar(PtrStackTop[-1]);
...
// relinquish stack slot
PtrStackTop--;

}

(b) Explicit pointer stack

struct PtrFrame {
PtrFrame *next;
unsigned len;

}
static PtrFrame *PtrTop;
void Foo(void) {

// describe this frame
struct Frame: PtrFrame {

void *ptr;
}
Frame f;
f.len = 1;
f.next = PtrTop;
PtrTop = &f;
f.ptr = AllocObject();
Bar(f.ptr);
...
// pop the stack
PtrTop = f.next;

}

(c) Henderson’s linked lists

Figure 1. Example of previous techniques for accurate stack traversal in C++ code. In (a), we see the original code. In (b) and (c) we see the
same code converted to use explicit pointer stacks and Henderson’s linked frames.

3. Previous Work: Accurate Stack Scanning
Starting out on this project we found two previously used tech-
niques for accurately scanning C call stacks. The simpler of the
two uses an explicit stack of live pointers. The other approach, pre-
sented by Henderson [17], involves building a linked list of frames
that contain pointers. This section describes both techniques in de-
tail.

Explicit Pointer Stacks. While a C compiler is free to lay out
local variables however it wants, it has less freedom when dealing
with objects in the heap. When generating C code, a language
translator can choose to emit code that will store all pointers in an
array that is at a known location and has a fixed layout. We call this
array an explicit pointer stack. Consider Fig. 9(a), where a function
allocates an object, stores a pointer to it in a local variable, and then
calls a second function passing the pointer as an argument. Fig. 9(b)
illustrates the same function using an explicit pointer stack. The
code uses a global pointer to the topmost element of the stack,
PtrStackTop. The prologue of the function increments the stack
top by the number of pointer variables used in the function (one
in this case), and the epilogue decrements it by an equal quantity.
References are then stored in the reserved stack slots.

Henderson’s Linked Frames. Henderson proposed a different
approach. He suggests to take advantage of the fact that in C a lo-
cal variable’s address may be passed to another function or stored
in the heap. A C or C++ compiler handles these variables spe-
cially to ensure that changes made through these external refer-
ences are visible locally. Fig. 9(c) illustrates Henderson’s tech-
nique. The PtrFrame data structure is used to build a linked list
of frames which hold live pointers. The translator will emit a func-
tion prologue that declares a frame with sufficient space to hold
all pointers in the given function. In our example, the frame has
only one pointer. The prologue places the frame into a linked list
which can be easily traversed by the garbage collector when the
time comes.

It is noteworthy that both techniques pin local variables into spe-
cific memory location that can not be optimized by the C/C++ com-
piler. This means that the correctness of these approaches is pred-

icated on to particular characteristics of the underlying compiler
and that the effectiveness of optimization such as register allocator
is limited, as pointers can not be moved around or stored in register.
Finally, the size of the generated code is typically larger due to the
prologue/epilogue code sequences that have to be added to every
function.

4. Accuracy with Lazy Pointer Stacks
As we have observed above the key to accurately obtaining ref-
erences in the call stack is to tie the compiler’s hands and force
it to place references in specific locations. The approaches we
described above do this by segregating references to an explicit
pointer stack or, in Henderson’s case, to a linked frame structure.
Both approaches are eager in the sense that the data structures de-
scribing live pointers are always up-to-date. What we propose to
investigate here is a technique that constructs the equivalent of a
pointer stack on demand. We refer to this approach as lazy pointer
stacks. The expected advantages of laziness are that accesses to
references are direct and that the native compiler will have more
opportunities for optimization; in particular to allocate references
in registers.

The goal of a lazy pointer stack algorithm is thus to produce
at any GC safe point a list of all references on the call stack of
a given thread. For simplicity, we shall assume that safe points
are associated to call sites1. Other granularities are possible, but
it should be noted that increasing the frequency of safe points
will diminish optimization opportunities. Eager approaches take
the extreme view that every instruction is a safe point.

For every safe point, the language translator has a set of refer-
ence variables that may be live.2 The code it emits after each safe
point boils down to a guard followed by a save sequence for all

1 This de facto the case in Ovm. A GC is triggered by a call to the memory
allocator. All other threads are blocked in calls to the event processing
method that follows a successful poll check.
2 It is always safe for the translator to assume that all reference variables are
live. But this reduces opportunities for optimization. It is thus desirable for
the translator to do more work and get a better estimate of live variables.
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Figure 4. Example of stack unwinding with call stack restoration.
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// pointers in locals
void *ptr1, *ptr2, *ptr3, . . . ;

functionCall();
if (save()) {

lazyPointerStack->pushFrame(nptrs);
lazyPointerStack->pushPtr(ptr1);
lazyPointerStack->pushPtr(ptr2);
lazyPointerStack->pushPtr(ptr3);
. . .
return;

}

(a) Function call guarded with the accurate pointer
guard

// pointers in locals
void *ptr1, *ptr2, *ptr3, . . .

height++;
functionCall();
height--;
if (save()) {

if (height < auxHeight) {
stop unwinding, restore the stack;

} else {
lazyPointerStack->pushFrame(nptrs);
lazyPointerStack->pushPtr(ptr1);
lazyPointerStack->pushPtr(ptr2);
lazyPointerStack->pushPtr(ptr3);
. . .
return;

}
} else if (height < auxHeight) {

ptr3 = lazyPointerStack->popPtr();
ptr2 = lazyPointerStack->popPtr();
ptr1 = lazyPointerStack->popPtr();
. . .
lazyPointerStack->popFrame();
auxHeight--;

}

(b) Function call with pointer frame counting

// pointers in locals
void *ptr1, *ptr2, *ptr3, . . .;

try {
functionCall();

} catch (const StackScanException&) {
if (save()) {

lazyPointerStack->pushFrame(nptrs);
lazyPointerStack->pushPtr(ptr1);
lazyPointerStack->pushPtr(ptr2);
lazyPointerStack->pushPtr(ptr3);
. . .
throw;

} else {
ptr3 = lazyPointerStack->popPtr();
ptr2 = lazyPointerStack->popPtr();
ptr1 = lazyPointerStack->popPtr();
. . .
lazyPointerStack->popFrame();
if (had application exception) {

throw application exception
} else {

retrieve return values
}

}
}

(c) Function call with safe point catch and thunk

Figure 9. Lazy pointer stack techniques.
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Figure 11. Installing thunks in a C++ call stack.
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// pointers in locals
void *ptr1, *ptr2, *ptr3, . . . ;

functionCall();
if (save()) {

lazyPointerStack->pushFrame(nptrs);
lazyPointerStack->pushPtr(ptr1);
lazyPointerStack->pushPtr(ptr2);
lazyPointerStack->pushPtr(ptr3);
. . .
return;

}

(a) Function call guarded with the accurate pointer
guard

// pointers in locals
void *ptr1, *ptr2, *ptr3, . . .

height++;
functionCall();
height--;
if (save()) {

if (height < auxHeight) {
stop unwinding, restore the stack;

} else {
lazyPointerStack->pushFrame(nptrs);
lazyPointerStack->pushPtr(ptr1);
lazyPointerStack->pushPtr(ptr2);
lazyPointerStack->pushPtr(ptr3);
. . .
return;

}
} else if (height < auxHeight) {

ptr3 = lazyPointerStack->popPtr();
ptr2 = lazyPointerStack->popPtr();
ptr1 = lazyPointerStack->popPtr();
. . .
lazyPointerStack->popFrame();
auxHeight--;

}

(b) Function call with pointer frame counting

// pointers in locals
void *ptr1, *ptr2, *ptr3, . . .;

try {
functionCall();

} catch (const StackScanException&) {
if (save()) {

lazyPointerStack->pushFrame(nptrs);
lazyPointerStack->pushPtr(ptr1);
lazyPointerStack->pushPtr(ptr2);
lazyPointerStack->pushPtr(ptr3);
. . .
throw;

} else {
ptr3 = lazyPointerStack->popPtr();
ptr2 = lazyPointerStack->popPtr();
ptr1 = lazyPointerStack->popPtr();
. . .
lazyPointerStack->popFrame();
if (had application exception) {

throw application exception
} else {

retrieve return values
}

}
}

(c) Function call with safe point catch and thunk
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Accurate Garbage Collection in Uncooperative Environments with Lazy Pointer Stacks
Implementing a new programming language by the means of a translator to an existing language is 
attractive as it provides portability over all platforms supported by the host language and reduces the 
development time as many low-level tasks can be delegated to the host compiler.  The C++ programming 
language is the target of choice due to its portability and the availability of efficient compilers. For 
garbage-collected languages however, C++ is not an ideal match because it provides no support for 
accurately discovering pointers to heap-allocated data.  This poster proposes a new technique, referred 
to as lazy pointer stacks, for performing accurate garbage collection in such uncooperative 
environments. We have implemented this technique in the Ovm Java virtual machine with our own Java-
to-C++ compiler and using GCC as a back-end. When compared against an efficient mostly-copying 
conservative collector our technique has a mean overhead of 3% for large heaps (256MB) and no 
overhead for smaller heaps (32MB).

    Review of previous techniques.  In (a) we see a function Foo compiled to C without any 
instrumentation for accurate stack scanning.  This code will require conservative stack scanning by 
the collector.  In (b) we see explicit pointer stacks, and in (c) we have Henderson's linked lists.  
Both (b) and (c) require additional code to be executed upon entry and exit of every function.  
Further, no pointer access can be register allocated.  The goal of this research is to eliminate these 
overheads.

    Our proposed techniques.  In (a) we see the basic technique: every function call is followed 
by an accurate pointer guard, which saves all pointers onto the lazy pointer stack when the 
function returns and the save() predicate is true.  This predicate is false during normal operation.  
When the collector starts, it sets the predicate to true and returns.  Because every function call is 
guarded, the effect will be that the stack is destroyed and all pointers are saved.  This naive 
solution has two problems: 1) the stack is destroyed, and 2) we cannot move objects referenced 
from the stack because we have no way of modifying the pointers after GC.  The solution to (1) is 
that we make a copy of the thread stack and register file prior to stack scanning; we restore these 
after the stack is destroyed.  We have two solutions to (2); see the approaches shown in (b) and 
(c).  Both approaches cause pointer restoration code to run upon the first return into a frame after 
the collector completes.  Pointer frame counting in (b) does this by using an extended predicate 
based on counters, resulting in significant overhead.  In (c) we show the safe point catch and 
thunk mechanism, which uses exceptions and thunks instead of predicates and counters: to 
trigger stack scanning the collector throws a special exception; to restore pointers we install 
thunks of function return addresses in the stack.

     An illustration of the stack copying technique used to restore the stack after scanning.  In (a) we show 
the thread before scanning.  In (b) we copy the stack.  In (c) the stack is scanned, but in (d) the destroyed 
stack is restored from the copy.

    Pointer frame counting in action.  We keep track of the program stack and the lazy pointer stack 
in real time using the height and auxHeight counters, respectively.  When the collector is invoked, 
all frames for which height > auxHeight are scanned.  After GC, any frames that cause height < 
auxHeight after function return do not proceed until pointers are restored.  This facilitates the two 
operations that the collector needs: retrieving pointers from the mutator, and then modifying them 
after objects are moved.

     The performance of counters is quite poor because of the overhead of counting on function entry 
and exit, and comparing the counters on exit.  We can improve performance by placing stack 
scanning code in a C++ catch statement; throwing an exception will be used to trigger scanning.  
This means that no predicate is needed.  But what about pointer restoration?  We implement this by 
installing thunks on function returns; these thunks will throw an exception that triggers restoration.  
This figure shows thunks in action.  In (a) we see an ordinary C++ call stack.  In (b) we see the 
thunk installed.  In (c) we see a function return causing the thunk to run.  The thunk then performs 
bookkeeping and throws the exception that signals restoration.

    Performance of the four mechanisms for achieving accurate stack scanning, measured as overhead relative to the 
conservative collector for a large heap size (256 MB).  Note that in the geometric mean we see that the overhead of 
the Thunking (safe point catch and thunk) configuration is substantially better than the other three.  It is within three 
percent of the conservative configuration, while the Henderson configuration (the best of the other three) seven 
percent level.

    Performance of the four mechanisms for achieving accurate stack scanning, measured as overhead relative to the 
conservative collector for a small heap size (25 MB).  Note that in the geometric mean we see that the overhead of the 
Thunking (safe point catch and thunk) configuration is negative—this is because the overhead cost of accurate stack 
scanning with thunking is outweighed by the gains from having unambiguous roots in the collector.  Hence, for small 
heaps and our collector, better performance tends to be achieved with safe point catch and thunk than with using a 
conservative collector.

    Overhead in time spent in the collector for the four accurate stack scanning configurations.  Note that 
scanning the stack using any of these mechanisms tends to be slower than scanning the stack conservatively 
because of two factors: 1) the collector is written in Java and so has all of the same accurate instrumentation, 
and 2) conservative stack scanning always involves a trivial walk of the thread stacks and register files, while the 
other mechanisms are typically more involved.  However, we see speed-ups for some benchmarks, likely due to 
the collector having to pin too many pages in the conservative configuration.

    Comparison of two Ovm accurate configurations and the conservative configuration to HotSpot and GCJ.  
Note that Ovm with thunking or conservative stack scanning is competitive with the other systems.  This shows 
that it is possible to have a fast VM that translates Java bytecodes to C++, without loss of accurate stack 
scanning.

Research by Jason Baker, Antonio Cunei, Filip Pizlo, and Jan Vitek of the S3 Lab at Purdue University.


