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1. INTRODUCTION

The end of frequency scaling has driven architects and
developers to parallelism in search of performance.
However, general-purpose MIMD parallelism can be ineffi-
cient and power-hungry, with power rapidly becoming the
limiting factor. This has led the search for performance to
non-traditional chip architectures like GPUs and other more
radical architectures. The most radical computing plat-
form of all is reconfigurable hardware, in the form of Field-
Programmable Gate Arrays (FPGAS).

FPGAs are now available with over one million program-
mable logic cells and 8MB of on-chip “Block RAM,” provid-
ing a massive amount of bit-level parallelism combined
with single-cycle access to on-chip memory. Furthermore,
because that memory is distributed over the chip in distinct
36Kb units, the potential internal bandwidth is very high.

However, programming methodology for FPGAs has
lagged behind their capacity, consequently reducing their
applicability to general-purpose computing. The common
languages in this domain are still hardware description lan-
guages (VHDL and Verilog) in which the only abstractions
are bits, arrays of bits, registers, wires, and so on. The entire
approach to programming them is oriented around the
synthesis of a chip that happens to be reconfigurable, as
opposed to programming a general-purpose device.

Recent research has focused on raising the level of abstrac-
tion and programmability to that of high-level software-based
programming languages: the Scala-based Chisel framework,*
C#-based Kiwi project'® and the Liquid Metal project, which
has developed the Lime language® based on Java. However,
untilnow, whether programmers are writing in low-level HDLs
or high-level languages like Chisel and Lime, use of dynamic
memory management has only just begun to be explored,® '
and use of garbage collection has been nonexistent.

In this article, we present a garbage collector synthesized
directly to hardware, capable of collecting a heap of uniform
objects completely concurrently. These uniform heaps (mini-
heaps) are composed entirely of objects of a fixed shape. Thus,
the size of the data fields and the location of pointers of each
objectare fixed. We trade some flexibility in the memorylayout
for large gains in collector performance. In the FPGA domain,
this trade-off makes sense: due to the distributed nature of
the memory, it is common to build pipelined designs where
each stage of the pipeline maintains its own internal data

structures that are able to access their local block RAM in
parallel with other pipeline stages. Furthermore, fixed data
layouts can provide order-of-magnitude better performance
because they allow designs which deterministically process
one operation per clock cycle.

Algorithmically, our collector is a Yuasa-style snapshot-
at-the-beginning collector,'® with a linear sweep. By taking
advantage of hardware structures like dual-ported memories,
the ability to simultaneously read and write a register in a sin-
gle cycle, and to atomically distribute a control signal across
the entire system, we are able to develop a collector that
never interferes with the mutator. Furthermore, the mutator
has single-cycle access to memory. Arbitration circuits delay
some collector operations by one cycle in favor of mutator
operations, but the collector can keep up with a mutator even
when it performs a memory operation every cycle (allocations
are limited to one every other cycle).

Our stall-free collector can be used directly with pro-
grams hand-written in hardware description languages.
Alternatively, it can be part of a hardware “runtime system”
used by high-level language® '° systems including dynamic
memory allocation. For evaluation purposes, we have also
implemented a stop-the-world variant and a malloc/free-
style system. Using a very allocation-intensive application,
the three collectors are compared in terms of memory usage,
clock frequency, throughput (cycles and wall-clock time),
and application stalls. We also present analytic closed-form
worst-case bounds for the minimum heap size required for
0-stall real-time behavior, which are empirically validated.
Further details, such as the energy consumption and addi-
tional benchmarking, are available in the original paper.®

2. FPGA BACKGROUND

FPGAs are programmable logic devices consisting of many dis-
crete resources units that are enabled and connected based on
the user application. Resources include look-up tables (LUTS)
which can be used to implement combinational logic, and
flip-flops which can be used to implement sequential logic or

The original version of this paper was published in
Proceedings of the 33rd ACM SIGPLAN Conference on
Programming Language Design and Implementation
(PLDI’12), June 2012, ACM.
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state. On the Xilinx FPGAs, which we use in this work, LUTs
and flip-flops are grouped into slices, which is the standard
unit in which resource consumption is reported for FPGAs.

Particularly important to this work are the discrete mem-
ory blocks, called Block RAMs (BRAMsS), available on the
FPGA. BRAMs are dual-ported specialized memory structures
embedded within the FPGA for resource-efficient implemen-
tation of random- and sequential-access memories.

The Xilinx Virtex-5 LX330T** device that we use in this
paper has a total BRAM capacity of 1.45MB. A single BRAM in
a Virtex-5 FPGA can store up to 36Kb of memory. An important
feature of BRAM is that it can be organized in various form fac-
tors (addressable range and data width combinations). For
example, a 36Kb BRAM can be configured as 36K x 1 (36K 1-bit
locations), 16K x 2, 8K x 4, 4K x 9, 2K x 18, or 1K x 36 memory.

A 36Kb BRAM can also be used as two independent 18Kb
BRAMs. Larger logical memory structures can be built by
cascading multiple BRAMSs. Any logical memory structure in
the design which is nota multiple of 18Kbwould lead to quan-
tization (or, in memory system parlance, “fragmentation”).

The quantization effect can be considerable depending on
the logical memory structure in the design (and is explored in
Section 7). ABRAM can be used as a true dual ported (TDP) RAM
providing two fully independent read-write ports. Furthermore,
each port supports the following three modes for the read-write
operation: read-before-write (previously stored data is available
on the read bus), read-after-write (newly written data is available
on the read bus), and no-change (read data bus output remains
unchanged). Our collector makes significant use of read-
before-write for features like the Yuasa-style write barrier.*®

BRAMs can also be configured for use as FIFOs rather
than as random access memories; we make use of this
feature for implementing the mark queues in the tracing
phase of the collector.

FPGAs are typically packaged on boards with dedicated
off-chip DRAM and/or SRAM which can be accessed via a
memory controller synthesized for the FPGA. Such memory
could be used to implement much larger heap structures.
However, we do not consider use of DRAM or SRAM in this
paper because we are focusing on high-performance designs
with highly deterministic (single cycle) behavior.

3. MEMORY ARCHITECTURE

The memory architecture—that is, the way in which object
fields are laid out in memory, and the free list is main-
tained—is common to our support of both malloc/free and
garbage-collected abstractions. In this section we describe
our memory architecture as well as some of the alternatives,
and discuss the trade-offs qualitatively. Some trade-offs are
explored quantitatively in Section 7.

Since memory structures within an FPGA are typically and
of necessity far more uniform than in a conventional soft-
ware heap, we organize memory into one or more miniheaps,
in which objects have a fixed size and “shape” in terms of
division between pointer and data fields.

3.1. Miniheap interface
Each miniheap has an interface allowing objects allocation

(and freeing when using explicit memory management), and
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operations for individual data fields to be read or written.
In this article, we consider only miniheaps with one or two
pointer fields and one or two data fields. This is sufficient for
implementing stacks, lists, queues, and tree data structures.
FPGA modules for common applications like packet process-
ing, compression, etc. are covered by such structures.

Our design allows an arbitrary number of data fields.
Increasing the number of pointer fields is straightforward
for malloc-style memory. However, for garbage collected
memory, the extension would require additional logic. We
believe this is relatively straightforward to implement (and
include details below) but the experimental results in this
paper are confined to one- and two-pointer objects.

3.2. Miniheap with malloc/free

There are many ways in which the interface in Section 3.1 can
be implemented. Fundamentally, these represent a time/
space trade-off between the number of available parallel oper-
ations, and the amount of hardware resources consumed.

For FPGAs, one specifies a logical memory block with a
desired data width and number of entries, and the synthesis
tools attempt to allocate the required number of individual
Block RAMs as efficiently as possible, using various packing
strategies. We refer to the BRAMs for such a logical memory
block as a BRAM set.

In our design we use one BRAM set for each field in the
object. For example, if there are two pointer fields and one
data field, then there are three BRAM sets.

The non-pointer field has a natural width associated with its
data type (for instance 32 bits). However, for a miniheap of size
N, the pointer fields need only be |—Iog2 N bits wide. Because
data widths on the FPGA are completely customizable, we use
precisely the required number of bits. Thus a larger miniheap
will increase in size not only because of the number of entries,
but because the pointer fields themselves become larger. As in
software, the pointer value 0 is reserved to mean “null”, soa
miniheap of size N can really only store N — 1 objects.

A high-level block diagram of the memory manager is
shown in Figure 1. It shows the primary data and control
fields of the memory module, although many of the sig-
nals have been elided to simplify the diagram. For clarity
of presentation it shows a single object field, of pointer
type (Pointer Memory), which is stored in a single BRAM
set. A second BRAM set (Free Stack) is used to store a
stack of free objects. Using the read-before-write prop-
erty of BRAMs we are able to implement the two functions
(alloc and free) using port B of the BRAM set (Free Stack),
leaving port A unused.

For an object with f fields, there are f BRAM sets with
associated interfaces for the write and read values (but not
an additional address port). There is only a single free stack,
regardless of how many fields the object has.

The Alloc signal is a one-bit signal used to implement
the malloc operation. A register is used to hold the value
of the stack top. Assuming it is non-zero, it is decremented
and then presented on port B of the Free Stack BRAM
set, in read mode. The resulting pointer to a free field
is then returned (Addr Alloc’d), but is also fed to port B
of the Pointer Memory, in write mode with the write value



Figure 1. Memory module design for malloc/free interface, showing
a single pointer field. BRAMs are in yellow, with the dual ports (A/B)
shown. Ovals designate pointer fields; those in blue are in use.
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hard-wired to 000 (or “null”).

To free an object, the pointer is presented to the memory
manager (Addr to Free). The Stack Top register is used as
the address for the Free Stack BRAM set on port B, in write
mode, with the data value Addr to Free. Then the Stack Top
register is incremented. This causes the pointer to the freed
object to be pushed onto the Free Stack.

In order to read or write a field in the Pointer Memory,
the Addr to Read/Write is presented, and, if writing, a Pointer
to Write. This uses port A of the BRAM set in either read or
write mode, returning a value on the Pointer Value port in the
former case.

Note that this design, by taking advantage of the dual-
porting of the BRAMs, allows a read or write to proceed in
parallel with an allocate or free.

Threaded free list. A common software optimization
would be to represent the free objects not as a stack of
pointers, but as a linked list threaded through the unused
objects (that is, a linked list through the first pointer field).
Since the set of allocated and free objects are mutually
exclusive, this space optimization is essentially free modulo
cache locality effects.

However, in hardware, this causes resource contention on
the BRAM set containing the first pointer (since it is doing
double duty). Thus parallelism is reduced: read or write
operations on the first pointer cannot be performed in the
same cycle as malloc or free, and the latter require two
cycles rather than one. Our choice in using a stack is delib-
erate as the modest increased use of space is far less costly
than the potential resource contention.

4. GARBAGE COLLECTOR DESIGN
We now describe the implementation of both a stop-the-
world and a fully concurrent collector in hardware. In soft-
ware, the architectures of these two styles of collector are
quite different. In hardware, the gap is much smaller, as the
same fundamental structures and interfaces are used.

The concurrent collector has a few extra data structures

(implemented with BRAMSs) and requires more careful
allocation of BRAM ports to avoid contention, but these
features do not negatively affect its use by the stop-the-world
collector. Therefore, we will present the concurrent col-
lector design, and merely mention here that the stop-the-
world variant omits the shadow register(s) from the root
engine, the write barrier register and logic from the trace
engine, and the used map and logic from the sweep engine.
Our design comprises three separate components, which
handle the atomic root snapshot, tracing, and sweeping.

4.1. Background: Yuasa’'s snapshot algorithm

Before delving into the details of our implementation, we
describe Yuasa’s snapshot algorithm'® which is the basis
of our implementation. While the mechanics in hardware
are quite different, it is interesting to note that implement-
ing in hardware allows us to achieve a higher degree of con-
currency and determinism than state-of-the-art software
algorithms, but without having to incorporate more sophis-
ticated algorithmic techniques developed in the interim.

The fundamental principle of the snapshot algorithm is
thatwhen collection is initiated, a logical snapshot of the heap
is taken. The collector then runs in this logical snapshot, and
collects everything that was garbage at snapshot time.

In Yuasa’s original algorithm, the snapshot consisted of
the registers, stacks, and global variables. This set of point-
ers was gathered synchronously (since then, much research
has been devoted to avoiding the need for any global syn-
chronization at snapshot time or during phase transitions?).

Once the roots have been gathered, the mutatoris allowed
to proceed and the collector runs concurrently, marking the
transitive closure of the roots.

If the mutator concurrently modifies the heap, its only
obligation is to make sure that the collector can still find
all of the objects that existed in the heap at snapshot time.
This is accomplished by the use of a write barrier: before any
pointer is overwritten, it is recorded in a buffer and treated
as aroot for the purposes of collection.

Objects that are freshly allocated during a collection are
not eligible for collection (they are “allocated black” in the
parlance of collector literature).

The advantages of the snapshot algorithm are simplicity
and determinism. Since it operates on a logical snapshot at
an instant in time, the invariants of the algorithm are easy to
describe. In addition, termination is simple and determinis-
tic, since the amount of work is bounded at the instant that
collection begins.

4.2. Root snapshot
The concurrent collector uses the snapshot-at-the-beginning
algorithm described above. Yuasa’s original algorithm
required a global pause while the snapshot was taken by
recording the roots; since then real-time collectors have
endeavored to reduce the pause required by the root snap-
shot. In hardware, we are able to completely eliminate the
snapshot pause by taking advantage of the parallelism and
synchronization available in the hardware.

The snapshot must take two types of roots into account:
those in registers, and those on the stack. Figure 2 shows the
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root snapshot module, simplified to show a single stack and
a single register.

The snapshot is controlled by the GC input signal, which
goes high for one clock cycle at the beginning of collection.
The snapshot is defined as the state of the memory at the
beginning of the next cycle after the GC signal goes high.
This allows some setup time and reduces synchronization
requirements. Note that if the GC signal is asserted while a
collection is already under way, then the trigger is ignored.

The register snapshot is obtained by using a shadow register.
In the cycle after the GC signal goes high, the value of the reg-
ister is copied into the shadow register. This can happen even
if the register is also written by the mutator in the same cycle,
since the new value will not be latched until the end of the cycle.

The stack snapshot is obtained by having another reg-
ister in addition to the Stack Top register, called the Scan
Pointer. In the same cycle that the GC signal goes high, the
value of the Stack Top pointer minus one is written into
the Scan Pointer (because the Stack Top points to the entry
above the actual top value). Beginning in the following
cycle, the Scan Pointer is used as the source address to port
B of the BRAM set containing the stack, and the pointer is
read out, going through the MUX and emerging on the Root
to Add port from the snapshot module. The Scan Pointer is
also decremented in preparation for the following cycle.

Note that the mutator can continue to use the stack via
port A of the BRAM set, while the snapshot uses port B. And
since the mutator cannot pop values off the stack faster than
the collector can read them out, the property is preserved
that the snapshot contains exactly those roots that existed
in the cycle following the GC signal.

Adetail omitted from the diagram is that a state machine
is required to sequence the values from the stack and the
shadow register(s) through the MUX to the Root to Add port.
Note that the values from the stack must be processed first,
because the stack snapshot technique relies on staying
ahead of the mutator without any explicit synchronization.

If multiple stacks were desired, then a “shadow” stack
would be required to hold values as they were read out

before the mutator could overwrite them, which could then
be sequenced onto the Root to Add port.

As will be seen in Section 4.4, collection is triggered
(only) by an allocation that causes free space to drop below
a threshold. Therefore the generation of root snapshot logic
only needs to consider those hardware states in which this
might occur. Any register or stack not live in those states can
be safely ignored.

4.3. Tracing

The tracing engine, along with a single pointer memory
(corresponding to a single pointer field in an object) is
shown in Figure 3. It provides the same mutator interface as
the malloc/free style memory manager of Figure 1: Addr to
Read/Write, Pointer to Write, and Pointer Value—except that
the external interface Addr to Free is replaced by the internal
interface (denoted in red) Addr to Clear, which is generated
by the Sweep module (described in Section 4.4).

The only additional interface is the Root to Add port which
takes its inputs from the output port of the same name of the
Root Engine in Figure 2.

As it executes, there are three sources of pointers for the
engine to trace: externally added roots from the snapshot,
internally traced roots from the pointer memory, and over-
written pointers from the pointer memory (captured with
a Yuasa-style barrier to maintain the snapshot property).
The different pointer sources flow through a MUX, and on
each cycle a pointer can be presented to the Mark Map, which
contains one bit for each of the N memory locations.

Using the BRAM read-before-write mode, the old mark
value is read, and then the mark value is unconditionally set
to 1. If the old mark value is 0, this pointer has not yet been
traversed, so the negation of the old mark value (indicated
by the bubble) is used to control whether the pointeris added
to the Mark Queue (note that this means that all values in the
Mark Queue have been filtered, so at most N — 1 values can
flow through the queue).

Pointers from the Mark Queue are presented as a read
address on port B of the Pointer Memory, and if the fetched

Figure 2. Atomic root snapshot engine.
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values are non-null, they are fed through the MUX and thence
to the marking step.

The write barrier is implemented by using port A of the
Pointer Memory BRAM in read-before-write mode. When the
mutator writes a pointer, the old value is read out first and placed
into the Barrier Reg. This is subsequently fed through the MUX
and marked (the timing and arbitration is discussed below).

Given the three BRAMs involved in the marking pro-
cess, processing one pointer requires 3 cycles. However, the
marking engine is implemented as a 3-stage pipeline, so it is
able to sustain a throughput of one pointer per cycle.

Trace engine pairing. For objects with two pointers, two
trace engines are paired together to maximize resource
usage (this is not shown in the figure). Since each trace
engine only uses one port of the mark map, both engines
can mark concurrently.

The next item to mark is always taken from the longer
queue. When there is only one item to enqueue, it is placed
on the shorter queue. Using this design, we provision each
of the 2 queues to be of size 3 N/8 + R (where R is the maxi-
mum number of roots), which guarantees that the queues
will never overflow.

On each cycle, one pointer is removed from the queues,
and the two pointers in the object retrieved are examined
and potentially marked and enqueued.

To minimize interference due to write barrier, our design
has two write barrier registers. The write barrier values are not
processed until a pair is formed and coupled with the fact that
there are two mark queues, the mark engines can make prog-
ress every other cycle even if the application is performing one
write per cycle.

Trace termination and WCET effects. The termination
protocol for marking is simple: once the last item from the
mark queues is popped (both mark queues become empty),
it takes 2 or 3 cycles for the trace engine to finish the current
pipeline. If the two pointers returned by the heap are null,
then the mark process is terminated in the second cycle as
there is no need to read the mark bits in this case. Otherwise
the mark bit for the non-null pointers are read to ensure that
both pointers are marked, in which case the mark phase is
terminated in the third cycle.

Write barrier values arriving after the first cycle of termi-
nation can be ignored, since by the snapshot property they
would either have to be newly allocated or else discovered by
tracing the heap.

However, note that some (realistic) data structures, in
particular linked lists, will cause a pathological behavior, in
which a pointer is marked, removed from the queue, which
will appear empty, and then 2 cycles later, the next pointer
from the linked list will be enqueued. So while the pipeline
can sustain marking one object per cycle, pipeline bubbles
will occur which reduce that throughput.

4.4, Sweeping

Once tracing is complete, the sweep phase begins, in which
memory is reclaimed. The high-level design is shown in
Figure 4. The sweep engine also handles allocation requests
and maintains the stack of pointers to free memory (Free
Stack). The Mark Map here is the same Mark Map as in Figure 3.

When an Alloc request arrives from the mutator, the Stack
Top register is used to remove a pointer to a free object from
the Free Stack, and the stack pointer is decremented. If the
stack pointer falls below a certain level (we typically use 25%),
then a garbage collection is triggered by raising the GC signal
which is connected to the root snapshot engine (Figure 2).

The address popped from the Free Stack is returned to
the mutator on the Addr Alloc’d port. It is also used to set
the object’s entry in the Used Map, to 01, meaning “freshly
allocated” (and thus “black”). A value of 00 means “free”, in
which case the object is on the Free Stack.

When tracing is completed, sweeping begins in the next
cycle. Sweeping is a simple linear scan. The Sweep Pointer
is initialized to 1 (since slot 0 is null), and on every cycle
(except when preempted by allocation) the sweep pointer is
presented to both the Mark Map and the Used Map.

If an object is marked, its Used Map entry is set to 10.
If an object is not marked and its used map entry is 10 (the
and gate in the figure) then the used map entry is reset to
00. Although only 3 states are used, the particular choice of
bit pattern avoids unneeded logic in the critical path. The
resulting signal is also used to control whether the current
Sweep Pointer address is going to be freed. If so, it is pushed
onto the Free Stack and also output on the Addr to Clear
port, which is connected to the mark engine so that the data
values being freed are zeroed out.

Note that since clearing only occurs during sweeping, there
isno contention for the Pointer Memory portin the trace engine
between clearing and marking. Furthermore, an allocation
and a free may happen in the same cycle: the top-of-stack is
accessed using read-before-write mode and returned as the
AddrAlloc’d, and then the newly freed object is pushed back.

When an object is allocated, its entry in the Mark Map
is not set (otherwise an extra interlock would be required).
This means that the tracing engine may encounter newly
allocated objects in its marking pipeline (via newly installed
pointersin the heap), albeit at most once since they will then
be marked. This also affects WCET analysis, as we will see in
the next section.

Figure 4. Free stack and sweeping engine.
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5. REAL-TIME BEHAVIOR

First of all, we note that since the design of our real-time
collector allows mutation and collection to occur uncondi-
tionally together in a single cycle, the minimum mutator uti-
lization (or MMU?), is 100% unless insufficient resources are
dedicated to the heap.

Furthermore, unlike software-based collectors,> ! the
system is fully deterministic because we can analyze the
worst case behavior down to the (machine) cycle.

Given R is the maximum number of roots, N is the size
of the heap, then the worst-case time (in cycles) for garbage
collection is

T=T,+T,+T, +T,+T+T, (1)

where T, is the time to snapshot the roots, T, is the time (in
cycles) to mark, T is the time to sweep, and T,, is the time
lost to write barriers during marking, T is the time lost to
blackening newly allocated objects during marking, and T
is time lost to allocations during sweeping.

In the worst case, without any knowledge of the
application,

T,=R+2 T,=3N+3 T,=0 T,=0 T,=N

The reasoning for these quantities follows. During the snap-
shot phase, we can place one root into the mark queue every
cycle, plus one cycle to start and finish the phase, account-
ing for R + 2. During marking, there could be N objects in
the heap, configured as a linked list which caused the mark
pipeline to stall for two cycles on each object, plus 3 cycles to
terminate. Sweeping is unaffected by application character-
istics, and always takes N cycles. Preemption of the collector
by mutator write barriers (T,,) does not factor into the worst-
case analysis because the write barrier work is overlapped
with the collector stalls. Extra mark operations to blacken
newly allocated objects (T,) also simply fill stall cycles.

Our design allows an allocation operation in every cycle,
but allocation preempts the sweep phase, meaning that
such an allocation rate can only be sustained in short
bursts. The largest sustainable allocation rate is 0.5—oth-
erwise the heap would be exhausted before sweeping com-
pleted. Thus T, = N and

Tworst =R+ 5N +5 (2)

5.1. Application-specific analysis
Real-time analysis typically takes advantage of at least
some application-specific knowledge. This is likely to be
particularly true of hardware-based systems. Fortunately,
the structure of such systems makes it more likely that
such factors can be quantified to a high degree of preci-
sion, for example by looking at operations per clock cycle
in the synthesized design.

Let u be the average number of mutations per cycle
(1 < 1), abe the average number of allocations per cycle
(< 0.5),and m be the maximum number of live data objects
in the heap at any one time (m < N). Then we can more pre-
cisely estimate
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T, =3m+3 T,=aT], T,=—t—m T/=—2-N
2—u 1-o
Note that both acand u can only be averaged over a time win-
dow guaranteed to be less than or equal to the phases which
they influence; m is a safe window size.

The largest inaccuracy is still due to pipeline stalls
during marking, for which worst- and average-case behav-
ior can be very different. We therefore let B be the number
of pipeline stalls (0 < B < 2m), so an even more precise
bound on marking is T, = m+B+3 (and also improving
Th%=oTh).

For alinked list, B = 2m; for three linked lists each with its
own root, B = 0. We hypothesize that for the heap considered
as a forest without back-edges, B is bounded by the num-
ber of levels of width 1 plus the number of levels of width 2
(when the width is 3 or greater, there is enough parallelism
to keep the 3-stage pipeline full and avoid stalls).

Using these application-specific estimates, we then are
able to bound the worst-case execution time (WCET) of
collection as

1 2 N
nm:(———)R+B+5+———m+——— (3)
1-o 2-u  1-o

5.2. Minimum heap size

Once the worst-case execution time for collection is known,
we can solve for the minimum heap size in which the collec-
tor can run with real-time behavior (zero stalls). Note that if
a heap size is deliberately chosen below this minimum, the
allocator may experience an out-of-memory condition. As a
starting point, m objects must be available for the live data.
While a collection taking time 7, takes place, another
oT_  objects can be allocated. However, there may also be
oT__ floating garbage from the previous cycle when a col-
lection starts. Thus the minimum heap size is

Niin = M+ 20 Tinax (4)

and if we denote the non-size-dependent portion of T
from equation (3) by

(25 [mrmesesZom)
K=|— | R+B+5+——m
1-a 2—u

then we can solve for

Nmin = m+2aTmax
N .
= m+2o| K+—"0—
(1-a)
N _ (1-0)*(m+2aK)
min 1-da+o” (5)

6. EXPERIMENTAL METHODOLOGY

Since we have implemented the first collector of this kind, we
cannot leverage a preexisting set of benchmarks for evalua-
tion. Here, we present the results of a very allocation-inten-
sive microbenchmark, a doubly-ended queue (deque), which
commonly occurs in many applications. In our HDL imple-
mentation, the doubly-linked list can be modified by pushes
and pops to either the front or back. The workload consists of



a pseudorandom sequence of such operations while keeping
the maximum amount of live data close to but no more than
8192. Because there is almost no computation performed on
the list elements, this benchmark is very allocation-intensive.
Moreover, the linear nature of the data structure prevents the
collector from taking advantage of graph fanout. These two
factors combine to present a great challenge to the collector.

Itis important to note that because of the very high degree
of determinism in the hardware, and in our collector imple-
mentation, such micro-benchmarks can provide a far more
accurate picture of performance than in typical evaluations
of CPU-based collectors running in software. There are no
cache effects, no time-slicing, and no interrupts. Because
these higher order effects are absent, the performance behav-
ior presented to the mutator by the collector and vice versa
is completely captured by the memory management API at a
cycle-accurate level. We validate this experimentally by show-
ing that the estimates for collection time and minimum real-
time heap size (from Section 5.1) are highly accurate.

A given micro-benchmark can be paired with one of the
three memory management implementations (Malloc,
stop-the-world GC, and real-time GC). Furthermore, these
are parameterized by the size of the miniheap, and for the
collectors, the trigger at which to start collection (although
for most purposes, we simply trigger when free space falls
below 25%). We call these design points.

Our experiments are performed by using the Xilinx ISE
13.4 synthesis tools on a Xilinx Virtex-5 LX330T,"” which is
the largest FPGA within the Virtex5 LXT product line. The
LX330T has 51,840 slices and 11,664Kb (1.45MB) of Block
RAM. Fabricated in 65 nm technology, the chip is theoreti-
cally capable of being clocked at up to 550 MHz, but realis-
tic designs generally run between 100 and 300 MHz.

7. EVALUATION

We begin by examining the cost, in terms of static resources,
of the 3 memory managers—malloc/free (“Malloc”), stop-
the-world collection (“STW?”), and real-time concurrent
collection (“RTGC”). For these purposes we synthesize
the memory manager in the absence of any application.
This provides insight into the cost of the memory manage-
ment itself, and also provides an upper bound on the per-
formance of actual applications (since they can only use
more resources or cause the clock frequency to decline).

We evaluate design points at heap sizes (in objects) from
1Kto 64K in powers of 2. For these purposeswe use an object
layout of two pointers and one 32-bit data field. For brevity,
we omit detailed usage of non-BRAM logic resources. It is
enough to note that for all cases, the logic consumption is
under 1% for all 3 variants and at all heaps sizes.

Figure 5 shows BRAM consumption. Because we have
chosen powers of 2 for heap sizes, the largest heap size
only uses 60% of the BRAM resources (one is of course free
to choose other sizes). At the smaller heap sizes, garbage
collectors consume up to 80% more BRAMs than Malloc.
However, at realistic heap sizes, the figure drops to 24%.
In addition, RTGC requires about 2-12% more memory
than STW since it requires the additional 2-bit wide Used
Map to cope with concurrent allocation. Fragmentation

is noticeable but not a major factor, ranging from 11-31%
for Malloc and 11-53% for garbage collection. As before, at
larger heap sizes, the fragmentation decreases. Some wast-
age can be avoided by choosing heap sizes more carefully,
not necessarily a power of 2, by noting that BRAMs are avail-
able in 18Kb blocks. However, some fragmentation loss is
inherent in the quantization of BRAMs as they are chained
together to form larger memories.

Finally, Figure 6 shows the synthesized clock frequency at
different design points. Here we see a significant effect from
the more complex logic for garbage collection: even though
it consumes relatively little area, clock frequency for garbage
collection is noticeably slower (15-39%) than Malloc across
all design points. On the other hand, the difference between
STW and RTGC is small with RTGC often faster. Regardless
of the form of memory management, clock frequency
declines as the heap becomes larger. However, the overall
clock rate may very well be constrained by the application
logic rather than the collector logic, as we will see below.

7.1. Throughput

So far we have discussed the costs of memory management
in the absence of applications; we now consider what hap-
pens when the memory manager is “linked” to the Deque
microbenchmark. Unlike the previous section, where we
concentrated on the effects of awide range of memory sizes
on static chip resources, here we focus on a smaller range of
sizes using a trace with a single maximum live data set of
m = 8192 as described previously. We then vary the heap
size N from m to 2m at fractional increments of m/10. As
we make memory scarce, the resolution is also increased
to m/100 to show how the system behaves at very tight con-
ditions. Each design point requires a full synthesis of the
hardware design which can affect the frequency, power,
and execution time.

Figure 7 shows the throughput of the benchmark
as the heap size varies for all 3 schemes. To understand
the interaction of various effects, we not only examine
the throughput both in cycle duration but also, since the
synthesizable clock frequencies vary, in physical time.
The Deque benchmark shows a different behavior. With
much higher allocation and mutation rates (&= 0.07 and u =
0.13), it is much more sensitive to collector activity. As seen
in Figure 7(b), even at heap size N = 2m, STW consumes
noticeably more cycles, rising to almost double the cycles

Figure 5. Block RAM usage, including Fragmentation.
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at N = 1.1m. By contrast RTGC consumes slightly fewer
cycles than Malloc until it begins to experience stall cycles
(non-real-time behavior) at N = 1.4m because it falls behind
the mutator.

The Deque benchmark has a very simple logic so any
limitations on frequency introduced by the collector is
magnified. The effect is seen clearly in Figure 7(b): Malloc
synthesizes at a higher frequency, allowing it to make up
RTGC’s slight advantage in cycles and consume 25% less
time on an average. STW suffers even more from the com-
bined effect of alower clock frequency and additional cycles
due to synchronous collection. On average, RTGC is faster
than STW by 14% and never interrupts the application.

These measurements reveal some surprising trends
that are completely contrary to the expected trade-offs
for software collectors: RTGC is actually faster, more
deterministic, and requires less heap space than STW!
There seems to be no reason to use STW because the
natural advantage of implementing concurrency in
hardware completely supersedes the traditional latency
versus bandwidth trade-off.

Furthermore, RTGC allows applications to run at far
lower multiples of the maximum live set m than possible
for either real-time or stop-the-world collectors in software.
RTGC is also only moderately slower than Malloc, meaning
that the cost of abstraction is quite palatable. We do not
show the results for other applications but note that, as pre-
dicted, this performance gap decreases as the application
becomes more complex.

Figure 6. Synthesized clock frequency.
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7.2. Validation of real-time bounds

Because the design and analysis of our concurrent collector
is intended to be cycle-accurate, we can validate the time
and space bounds of the collector with expectation that
they will be fully met. Figure 8 shows the actual time spent
in garbage collection and the analytic upper bound (T
from equation 3). Note that we show both average as well as
the maximum time spent in garbage collections. The heap
size is chosen to be much tighter than in earlier graphs
as our focus here is how the collector behaves when it is
under stress (near N, from equation 4). For convenience,
we express heap size as a fraction (N/m) of the maximum
amount of live data since our bounds are almost linear
when considered in terms of m and N.

Average time spent in collection is always less than the
predicted worst case with an actual difference of about
10% for both programs. We also show the amount of stalls
experienced by the benchmark as a fraction of total time.
At larger heap sizes, there are no stalls. As the heap size is
reduced, there will come a point when the collector cannot
keep up and the mutator’s allocation request will fail. For
the allocation-intensive Deque benchmarks, the failure
point occurs at 1.43 x m. Our predicted N_, value of 1.457
is correctly above the actual failure points.

Because the average collection time includes multiple
phases of a program, it can be significantly lower than the
maximum collection time. We see that the gap between
T . and collection time shrinks from 10% to about 2% and
6% when one considers maximum rather than average col-
lection time. For space, N_. has only a worst-case flavor as
there is adequate heap space only if the heap is sufficient at
every collection. The space bound is within 3% of when stalls
begin. Our time and space bounds are not only empirically
validated but are tight.

In general, time spent for a single collection falls as the
heap size is decreased since the sweep phase will take less
time. It may seem surprising that this happens even when the
heap size is taken below N_. . However, falling below this
safe point causes mutator stalls but does not penalize the
collector at all. In fact, because the mutator is stalled, it can
no longer interfere with the collector which will addition-
ally, though very slightly, speed up collection. Of course,
since the overall goal is to avoid mutator stalls, operating in
this regime is inadvisable.

Figure 7. Throughput measurements for Deque. (a) Execution duration in cycles of Deque; (b) execution time in milliseconds of Deque.
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Figure 8. Comparison of predicted to actual duration and space usage.
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8. RELATED WORK

We provide only a brief summary of related work and refer
the reader to our full paper® for more details and citations.

There has been very little work on supporting high-level
memory abstractions in reconfigurable hardware, and none
on garbage collection. Simsa and Singh'* have explored
compilation of C subprograms that use malloc/free into
VHDL or Bluespec. LEAP scratchpads® provide an expand-
able memory abstraction which presents a BRAM interface,
but uses off-chip RAM if the structure is too large to fit, and
transparently uses the on-chip BRAM as a cache. Such a sys-
tem could be coupled with ours in order to provide a larger,
virtualized memory, albeit at the expense of determinism
and throughput.

Meyer'*has built a special-purpose processor and an associ-
ated garbage collection co-processor on an Altera APEX FPGA.
However, the design and the goals were very different. Meyer’s
collector is for a general-purpose heap allocated in DRAM,
and for a program operating on what is for the most part a
conventional CPU. The collector is implemented with a micro-
coded co-processor, and the general CPU is modified with a
special pointer-related support. Because of this software-in-
hardware approach, pauses can reach 500 cycles. In contrast,
our approach is a fully custom logic that is much more tightly
integrated with the memory, for “programs” that are also syn-
thesized into hardware, and with deterministic single-cycle
memory access. This allows us to attain zero pauses.

There are also garbage-collected systems® ** in which
the FPGA participates in a garbage collected heap but per-
forms no collection itself. Yet others have designed special-
purpose ASICs that perform a custom collection algorithm
or provide a set of instructions to accelerate a more gen-
eral class of algorithms. These are fundamentally different
because the heap is on the CPU and not the FPGA.

9. CONCLUSION

We have described our design, implementation, and evalu-
ation of the first garbage collectors to be completely synthe-
sized into hardware. The real-time version causes zero cycles
of interference with the mutator.

Careful implementation allows a closed-form analytic
solution for worst-case execution time (WCET) of the col-
lector, and a lower bound on heap size to achieve real-time
behavior. These bounds are also cycle-accurate.

In software there are large trade-offs between stop-the-
world and real-time collection in terms of throughput,
latency, and space. Our measurements show that in hard-
ware the real-time collector is faster, has lower (zero) latency,
and can run effectively in less space.

This performance and determinism is not without
cost: our collector only supports a single fixed object
layout. Supporting larger objects with more pointers is
a relatively straightforward extension of our design; sup-
porting multiple object layouts is more challenging, but
we believe can be achieved without sacrificing the funda-
mental advantages.

Garbage collection of programs synthesized to hardware
is practical and realizable!
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