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Abstract

An increasing number of processor architectures support scratch-
pad memory – software managed on-chip memory. Scratch-pad
memory provides low latency data storage, like on-chip caches, but
under explicit software control. The simple design and predictable
nature of scratchpad memories has seen them incorporated into a
number of embedded and real-time system processors. They are
also employed by multi-core architectures to isolate processor core
local data and act as low latency inter-core shared memory.

Managing scratch-pad memory by hand is time consuming, er-
ror prone and potentially wasteful; tools that automatically manage
this memory are essential for its use by general purpose software.
While there has been promising work in compile time allocation
of scratch-pad memory, there will always be applications which re-
quire run-time allocation. Modern dynamic memory management
techniques are too heavy-weight for scratch-pad management.

This paper presents the Scratch-Pad Memory Allocator, a light-
weight memory management algorithm, specifically designed to
manage small on-chip memories. This algorithm uses a variety of
techniques to reduce its memory footprint while still remaining ef-
fective, including: representing memory both as fixed-sized blocks
and variable-sized regions within these blocks; coding of mem-
ory state in bitmap structures; and exploiting the layout of adja-
cent regions to dispense with boundary tags for split and coalesce
operations. We compare the performance of this allocator against
Doug Lea’s malloc implementation for the management of core-
local and inter-core shared scratchpad memories under real world
memory traces. This algorithm manages small memories efficiently
and scales well under load when multiple competing cores access
shared memory.

Categories and Subject Descriptors D.4.2 [Operating Systems]:
Storage Management—Allocation/Deallocation strategies; D.3.3
[Programming Languages]: Language Constructs and Features—
Dynamic storage management; C.1.3 [Processor Architectures]:
Other Architecture Styles—Heterogeneous (hybrid) systems

General Terms Algorithms, Experimentation, Performance

1. Introduction

It is well known that processor speeds are increasing at a signif-
icantly faster rate than external memory chips. This has led to in-
creasing costs for memory accesses relative to processor clock rate,
a phenomenon sometimes known as the memory wall [23]. Since
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most applications exhibit temporal locality in data access patterns,
memory access overheads can be significantly reduced by storing
an application’s working set in a smaller but much faster on-chip
memory. Many architectures structure this on-chip memory as a
cache, where movement of data between on- and off-chip memory
is under hardware control. Caches perform very well under most
situations, conveniently hiding the non-uniformity of the memory
system from software, while decreasing average memory access la-
tency. However, caches suffer from a number of penalties compared
with non-associative memories, such as increased silicon area and
energy requirements, increased access latency, complex coherency
mechanisms for multi-core systems, and lack of realtime guaran-
tees due to potential cache misses. These factors have led a num-
ber of processor architectures to provide explicit access to on-chip
memory, in the form of scratch-pad memory.

Scratch-pad memories are small but very fast and tightly cou-
pled memories, typically ranging from 4kB to 1MB in size. Unlike
caches, transfer of data to and from these scratch-pad memories
is under explicit software control. They can be found in embed-
ded and real-time processor architectures [5, 16, 20], where they
have been found to not only reduce power and silicon area require-
ments compared to an equivalent cache, but also potentially in-
crease run-time performance [3]. Mutli-core processors, especially
heterogeneous architectures [1, 16, 19], have also begun to incorpo-
rate scratch-pad memories in their designs. Multi-core architectures
can employ this scratch-pad memory either as local memory acces-
sible by only a single core, or as a shared data store that can provide
high speed inter-core communication. Explicitly partitioning local
and shared data in this way leads to simpler hardware design and
can increase overall performance by reducing contention.

Unfortunately, scratch-pad memory places an additional burden
on the software developer by being located in an address space dis-
joint from main memory. While it is potentially possible to stati-
cally allocate scratch-pad memory by hand for small systems, au-
tomatic management of this memory is required for complex sys-
tems. Automatic management of scratch-pad memory as a dynamic
heap is possible, however, existing dynamic memory management
algorithms are too heavyweight, in terms of memory state require-
ments, code complexity and execution performance.

Taking these constraints into account led us to design the
Scratch-Pad Memory Allocator (SMA), an unconventional algo-
rithm specifically targeted at the management of scratch-pad mem-
ories. This algorithm uses a variety of techniques to reduce its
overall footprint while still remaining effective. These include: rep-
resentation of memory both as fixed-size blocks and variable-sized
regions within these blocks; use of bitmap based data-structures to
code the current state of the memory being managed; and exploit-
ing the ordering of adjacent region split and coalesce operations to
dispense with wasteful boundary tags.

SMA is intended as a first step in the process of managing a
complex memory hierarchy which contains multiple levels of ex-
plicitly accessible memory. We do not expect application develop-
ers to be forced to explicitly manage each memory hierarchy level



through algorithms such as SMA. Instead, we envisage a runtime
system which abstracts the heterogeneous memory hierarchy from
the typical user. This runtime system will use annotations, inserted
into the code, either by the programmer or a tool, as hints to choose
the most appropriate memory level heap for a particular data allo-
cation request. If an allocation request on the preferred heap fails,
the runtime will attempt to allocate on a less optimal heap, thereby
gracefully handling exhaustion of a particular memory level heap,
without burdening the user by having to explicitly deal with mul-
tiple heaps. In this paper we present a mechanism which enables
efficient allocation of the smallest and most closely coupled mem-
ory in such a system, but leave the runtime which supports the full
memory hierarchy to future work.

The key contributions of this paper are:
• a simple and lightweight algorithm for managing small areas of

memory with minimal overheads
• a technique which employes a coded bitmap to manage region

splitting and coalescing without employing boundary tags
• a scalable and lightweight concurrent implementation of this

algorithm for management of shared memory by multiple cores

Section 2 overviews related work. The SMA algorithm is pre-
sented in Section 3, with some enhancements presented in Sec-
tion 4. Experimental measurements of the performance of this algo-
rithm and a more conventional allocator are compared in Section 5.
Section 6 concludes.

2. Related Work

An extensive range of dynamic memory management strategies has
been investigated over the years, many of which are reviewed by
Wilson et al [22]. Typically, memory is managed by creating one
or more free-lists – linked lists where every node is a free region
of memory. The memory management algorithm will remove a
node from a free-list in order to service a memory request. If the
free-list node is larger than the requested size, then it is split,
with the remainder being returned to the free-list. When memory
is freed, it is coalesced with any neighbouring free regions, and
returned to the appropriate free-list. Most memory management
algorithms differ primarily in their placement strategy (how they
choose the most appropriate free region for a given allocation)
and the techniques used to perform splitting and coalescing of
memory regions. A number of these techniques, such as binary
buddy systems [13], deferred coalescing and bitmap allocation
schemes [6], have inspired aspects of SMA.

Much of the work in scratch-pad memory management has
eschewed dynamic management techniques due to their associated
overheads, and have instead concentrated on allocating memory at
compile time. Some of the earliest work into automatic scratch-
pad management involves the compiler using this memory to store
spilled register values [7]. This work has been extended by others
to allow global variables to be allocated to scratch-pad memory
by the compiler [3, 18], as well as enabling compiler allocation
of stack variables to scratch-pad memory [2, 10]. However, these
approaches are limited in that the allocation of scratch-pad memory
cannot be modified at run-time.

Use of a software caching mechanism [9] enables automatic
management of scratch-pad memory while allowing the set of data
stored in scratch-pad memory to change at run-time. However, this
approach introduces a run-time overhead for every memory access
and leads to unpredictability in memory access times, which may
be inappropriate for real-time systems. Kandemir et al [12] describe
an approach where the compiler inserts routines to copy stack data
from main memory to scratch-pad memory if it expects the data
to be accessed frequently. This allows the stack data being held in
scratch-pad memory to change depending upon run-time require-
ments, without the memory access overheads of software caches.
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Figure 1. SMA large allocation example.

Dominguez et al [8] extend this approach to provide support for
heap data variables as well as stack variables. While dynamically
sized variables are supported, only a fixed-sized portion of each
variable’s data is stored in the scratch-pad, with any remainder rel-
egated to main memory.

Our approach of a truly dynamic run-time heap management al-
gorithm allows full storage of dynamically created data-structures
in scratch-pad memory. We see this as a complementary technique
to compiler based allocation of scratch-pad memory, allowing a
choice between the flexibility of dynamic run-time memory man-
agement and the low overhead of compile time allocation.

3. Scratch-Pad Memory Allocator

The SMA algorithm represents memory as a coarse-grained series
of fixed-size blocks, within which, memory can be split into finely-
grained, variable-sized regions (referred to as small regions here-
after). Large-sized memory requests are serviced by allocating a
large enough contiguous sequence of free blocks to meet the re-
quested size. The last block of a large allocation is potentially split
into small regions, such that this space can be reused by small-sized
memory requests. Small-sized memory requests are allocated from
a series of small regions’ free-lists. If the allocated small region is
larger than the requested size, any excess is split off and returned
to the appropriate free-list. By representing memory as a series of
coarse-grained blocks, the data-structure size requirements of SMA
are significantly reduced; while allowing these blocks to be split
into small regions, if required, alleviates the potential fragmenta-
tion this coarse memory representation could otherwise cause.

Many of the algorithms used by SMA consist of simple bit-
wise operations. These bitwise based algorithms lend themselves
to hardware implementation. There is therefore potential for a re-
configurable or custom built embedded processor to significantly
accelerate the SMA algorithm by incorporating a small number of
simple custom bitwise instructions. We leave hardware acceleration
of the SMA to future work.

3.1 Large Block Allocation

SMA partitions all available scratch-pad memory into fixed-sized
blocks. Each block is represented by a single bit in a free-block
bitmap, where a set bit represents a free block, and an unset bit
represents an in-use block. The block size is fixed at run-time, but
can be varied at compile-time based upon memory size.

To allocate a memory region which is larger than the block’s
size, SMA allocates enough full blocks to satisfy the allocation re-
quest (i.e., ⌈ request_size

block_size
⌉). If the the requested size is not a multi-

ple of the block’s size, the last of these allocated blocks is split up
to allow smaller-sized requests to reuse the remainder of this block.
This section describes the technique SMA uses to allocate the com-
plete blocks for a large-sized request. The process of splitting the
final block is the same as that described in Section 3.2.2.



1 vo id∗ s m a _ l a r g e _ m a l l o c ( i n t no_b locks ) {
2 vo id∗ r e s u l t = MEM_START;
3 i n t blocks_bm= memsta te .b_bm ;
4 i n t mask= (1 << no_b locks ) − 1 ; / / r e q u e s t s i z e mask

5
6 whi le ( ( mask & blocks_bm ) != mask ) {
7 i n t s h i f t _ a m o u n t= c a l c _ s h i f t ( . . . ) ;
8 blocks_bm= blocks_bm >> s h i f t _ a m o u n t ;
9 i f ( ! blocks_bm ) { /∗ a l l o c f a i l e d ∗ / }

10 r e s u l t += s h i f t _ a m o u n t ;
11 }
12
13 memsta te .b_bm &= ∼ ( mask << r e s u l t ) ;
14 re turn r e s u l t ;
15 }

Listing 1. SMA large block malloc algorithm.

A large-sized allocation involves SMA searching through the
free-block bitmap until it finds a contiguous series of set bits large
enough to represent the number of blocks required by the memory
request. Figure 1 outlines the method followed for an allocation
request requiring 4 blocks of memory. SMA masks off a 4 bit
sequence of the free-block bitmap, representing 4 contiguous free
blocks, and checks if they are all set. Since one bit is unset in
the first attempt, the block represented by the unset bit has been
previously allocated, so this attempt fails. The mask is therefore
shifted further along the free-block bitmap and the allocation is
reattempted. Eventually, either an allocation will succeed or the end
of the free-block bitmap will be reached, signalling an allocation
failure. A successful allocation clears the contiguous series of set
bits it finds, thus reserving the blocks for this memory request.

This algorithm is an address-ordered first fit allocation strat-
egy [14], preferentially allocating from the bottom of the available
memory space. Wilson et al [22] have shown that this strategy per-
forms well under real world allocation patterns, having low levels
of overall fragmentation.

3.1.1 Allocation Algorithm

Listing 1 shows the algorithm used by SMA to service large-sized
requests, in C-like pseudo-code. SMA checks whether there are
enough contiguous blocks at the current free-block bitmap position,
shifting the free-block bitmap and updating the result if the current
position cannot satisfy the request. Rather than shifting the free-
block bitmap by a single bit on each iteration of this loop, SMA
uses the knowledge gained from the previous allocation attempt to
calculate how many bits it can skip over. This approach is inspired
by KMP string matching [15], but is simpler as only a series of set
bits, rather than a string of characters, is being matched.

The only situation in which a valid starting position could be
within the previous allocation attempt is when the last bit of the
previous allocation attempt is set, otherwise, by definition, all con-
tiguous series of set bits within the allocation attempt are shorter
than required by the allocation request. If a potentially valid alloca-
tion could begin within the previous attempt, the free-block bitmap
is shifted to the only location from which this allocation could pos-
sibly begin – the start of the last contiguous series of free blocks
encountered in the previous attempt. This location is found by first
inverting and masking the result of the previous allocation attempt
(Line 7 of Listing 2) to find the blocks, within the previous alloca-
tion attempt, that have been previously allocated. The last of these
allocated blocks is found using the find last set bit (fls) operation,
then SMA reattempts allocation from the block following this allo-
cated block. If the allocation cannot start from within the previous
attempt (Line 4), SMA finds the next free block after the previous
attempt using the find first bit set (ffs) operation. Most processors
implement the ffs and fls operations in their instruction set.

1 i n t c a l c _ s h i f t ( i n t mask, i n t blocks_bm ) {
2 i n t a t t e m p t = mask & blocks_bm ;
3 i f ! ( a t t e m p t & ∼ ( mask >> 1) { / / i s t h e l a s t b i t s e t

4 i n t rem_blocks = blocks_bm &∼mask ;
5 re turn f f s ( rem_blocks ) ;
6 } e l s e {
7 i n t i n _ u s e = mask & ∼ a t t e m p t ; / /

8 re turn f l s ( i n _ u s e ) + 1 ;
9 }

10 }

Listing 2. Algorithm used to calculate bitmap shift.

1 vo id∗ s ma_s ma l l_ma l loc ( i n t r e q _ s i z e ) {
2 r e q _ s i z e = pow2 ( r e q _ s i z e ) ;
3 f o r ( s i z e = r e q _ s i z e ; s i z e <BLOCK_SIZE ; s i z e < <1) {
4 r e s u l t = f r e e _ l i s t _ r e m o v e _ f i r s t ( s i z e )
5 i f ( r e s u l t != NULL) {
6 s m a _ s p l i t ( r e s u l t , r e q _ s i z e , s i z e ) ;
7 re turn r e s u l t ;
8 }
9 }

10 / / no f r e e s m a l l r e g i o n s , s p l i t f u l l b l o c k

11 r e s u l t = a l l o c _ b l o c k ( ) ;
12 s m a _ s p l i t ( r e s u l t , r e q _ s i z e , BLOCK_SIZE) ;
13 re turn r e s u l t ;
14 }

Listing 3. SMA small region allocation algorithm.

Figure 1 shows both of these scenarios. Allocation attempt 1
fails with the final bit of the attempt unset, therefore, the next
attempt is shifted to the first set bit after attempt 1. Attempt 2, also
fails, however, the final bit of this attempt is set, therefore, the next
attempt is moved to the start of the contiguous series of set bits at
the end of attempt 2.

3.1.2 Freeing and Coalescing

Large block freeing in SMA is extremely simple. The contiguous
block mask is recreated and shifted up by the block address of the
memory being freed. This mask is then OR’d with the free-block
bitmap, re-setting those bits which were cleared during the region’s
allocation. This process implicitly coalesces adjacent free regions.

3.2 Small Region Allocation

SMA uses a different technique to allocate memory requests
smaller than a block size. Small free regions of memory are stored
in multiple free lists. A free list is a linked list where each node is a
free region of memory. Since the nodes are held in the free memory
they represent, a free list uses very little otherwise usable memory.

SMA limits small-size allocations to a set of valid sizes, with
invalid size requests being rounded up to the nearest valid size. A
single free list for each valid size is used. This approach simplifies
the SMA algorithm, since there is no need to search through a
free list for an appropriate size. However, the number of valid
sizes can have a major effect on memory wastage – too few will
lead to unacceptable internal fragmentation, whereas, too many
can cause complexity and wasted memory because of the increase
in free lists. Due to our desire to limit the complexity of SMA,
our current implementation of SMA limits valid small allocations’
sizes to a power of two, in a similar approach to binary buddy
allocators [13]. This enables efficient splitting and coalescing of
neighbouring regions.

3.2.1 Allocation Algorithm

Listing 3 shows the general algorithm used by SMA to allocate
small sizes. The requested size is first rounded up to a power of
two. SMA then checks each free list, from the rounded request size
up to the largest valid sub-block size, for an available free region. If



1 vo id s m a _ s p l i t ( vo id∗ r e g i o n , i n t s i z e _ r e q ,

i n t s i z e _ a l l o c ) {
2 f o r ( s i z e = r e q _ s i z e ; s i z e < s i z e _ a l l o c ; s i z e < <1)
3 f r e e _ l i s t _ i n s e r t ( s i z e , ( r e g i o n + s i z e ));
4 }

Listing 4. SMA small region splitting algorithm.
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Figure 2. SMA small region splitting example.

a free region is found, it is removed from the free list. If it is larger
than the requested size, it is split into a number of smaller regions,
with the unused regions being inserted into the appropriate free lists
for reuse. If there are no valid regions available in the free lists, one
of the fixed-sized blocks is allocated, and split appropriately.

The above algorithm always allocates the smallest available free
region that satisfies a given request, leading to a best fit allocation
strategy [14]. Like the address ordered first fit strategy SMA em-
ploys for large region allocation, the best fit allocation strategy has
been found to perform well, with limited memory fragmentation,
when exposed to real world allocation patterns [22].

3.2.2 Small Region Splitting

Splitting of a region is necessary when the region allocated is larger
than the requested size. Since regions are restricted to power-of-two
sizes, splitting can be implemented very simply by the pseudo-code
in Listing 4. A region is split by repeatedly freeing a region of size x

at a position x into the region being allocated, where x starts at the
size requested and is incremented by a power-of-two on each loop
iteration until it reaches the size of the region which was allocated.
Figure 2 shows the result of this splitting process when a region of
size 16 is allocated as a result of a size 2 request.

3.2.3 Freeing and Coalescing

Freeing a small region involves simply inserting the region into the
appropriate free list. However, since regions can be split, it is nec-
essary to consider coalescing of adjacent free regions before they
are inserted, otherwise the memory being managed will eventually
be fragmented into a large number of small regions.

The standard way of dealing with region coalescing involves
framing each region with boundary tags [14] and checking the
neighbouring tags when performing a free operation to discover if
a coalesce operation is necessary. We rejected this approach when
designing SMA because boundary tags must frame a region even
when it is in use and therefore waste valuable memory which could
be otherwise allocated to an application.

Instead, SMA capitalises on the orderly way in which small
regions are split into power-of-two sizes. SMA uses a single word
sized coalesce tag to represent the layout of all the small-sized
regions within a fixed-sized block. This coalesce tag (Figure 3)
contains a coded representation of the regions into which the block
has been split, separated into multiple partitions – one for each
possible small region size class. Each bit in a partition represents a
possible location for a memory region, of the size being represented
by that partition, within the block. If set, a region of that size is free
at that relative position within the block. For example, the first 16
bits of the coalesce tag in Figure 3 represent every possible position
of a size 2 region within the block, the next 8 bits represent every
possible size 4 region, and so on.

1 vo id s m a _ s m a l l _ f r e e ( i n t pos, i n t s i z e _ i d x ,

i n t c o a l e s c e _ t a g ) {
2 i n t t _ b i t = (0 x10 | pos ) >> s i z e _ i d x ;
3 i n t c _ b i t = t_no ⊕ 1 ; / / b i t no . o f c o a l e s c e t a r g e t

4
5 whi le ( c o a l e s c e _ t a g & (0 x1 << c _ b i t ) &&

s i z e _ i d x != BLOCK_SIZE_IDX ) {
6 s i z e = i d x _ t o _ s i z e ( s i z e _ i d x ) ;
7 f r e e _ l i s t _ r e m o v e ( pos + s i z e ) ;
8 c o a l e s c e _ t a g &= (0 x1 << c _ b i t ) ;
9 s i z e _ i d x += 1 ;

10 t _ b i t = t _ b i t >> 1 ; / / s h i f t t o n e x t s i z e c l a s s

11 c _ b i t = t _ b i t ⊕ 1 ;
12 }
13
14 i f ( s i z e _ i d x == BLOCK_SIZE_IDX ) {
15 /∗ f r e e c o m p l e t e b l o c k ∗ /

16 } e l s e { / / f r e e c o a l e s c e d r e g i o n

17 c o a l e s c e _ t a g | = (0 x1 << t _ b i t ) ;
18 f r e e _ l i s t _ i n s e r t ( s i z e _ i d x , pos);
19 }
20 }

Listing 5. SMA small region coalescing algorithm.
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Figure 3. Coalesce Tag example.

The position of the bit representing a particular small region can
be calculated with the simple code fragment:

t a g _ b i t _ n o = (0 x10 | p o s i t i o n ) >> s i z e _ i d x ;

where position is the region’s location relative to the start of the
block, and size_idx represents the region’s size class.

When a small region is being freed, SMA checks whether it
can be coalesced with its neighbour by examining the coalesce tag.
Since only power-of-two sized small regions are valid in SMA, a re-
gion can only be coalesced with a neighbour of the same size. Fur-
thermore, each region is aligned to a multiple of its size, therefore,
a region can only be coalesced with the single neighbouring re-
gion which would create a coalesced region also, aligned to its size.
These constraints mean that only one bit of the coalesce tag need be
checked before coalescing (1 xor free_region_bit_no). If the
region is coalesced, this process is repeated to check whether this
newly coalesced region can also be coalesced (due to the coalesce
tag having a partition for each size class, the bit checked at each
iteration of this loop is simply prev_region_bit_no » 1). Co-
alescing repeats until it is either no longer possible, or the regions
have coalesced into a fully free block, which is then released by up-
dating the free-block bitmap. This algorithm is shown in Listing 5.

One coalesce tag is required for each fixed-size block which is
split into small regions. This tag can be stored at a fixed location
within the block. Compared with boundary tags, which require at
least one word per allocated region, this approach only wastes one
word for all the regions allocated within a fixed-size block. To
reduce this overhead even further, we take advantage of the fact
that when a fixed-size block has been fully allocated, the coalesce
tag contains no real information and can be easily recreated (since
no free regions exist in the block, all bits in the coalesce tag are set
to zero). Therefore, the final region to be allocated within a fixed-
sized block can overwrite the coalesce block, recovering the space
used by the coalesce tag. When a region is freed from a previously
fully allocated fixed-size block, the coalesce tag can be recreated



and stored in the newly freed region. This approach reduces the
overhead to only a few bits per fixed-size block (stored outside the
block itself): one bit to signal that the fixed size block has been
filled and that the coalesce tag should be recreated on the next free
from this block; and a small pointer (4 bits for 128 byte block size)
to the location of the coalesce tag within the block, since it will no
longer be at a fixed location within the block.

4. SMA Enhancements

A number of enhancements can be made to SMA to improve run-
time performance, reduce memory overheads and allow concurrent
allocation of shared memory by multiple CPU cores.

4.1 Performance Optimisations

One of the most expensive stages in many memory management
algorithms is the coalescing and splitting of adjacent memory re-
gions. An algorithm can spend most of its time coalescing mem-
ory, only to have to immediately re-split the same memory region.
SMA can be modified to defer coalescing of memory regions in the
hope of reducing the number of unnecessary splits and coalesces.
Memory regions of commonly requested sizes are added to a pool
when they are freed, rather than being coalesced immediately. A
subsequent request for such a size is allocated from the appropriate
pool, without having to split a larger region. Each pool stores multi-
ple free memory regions, all of the same size, as a small array. The
choice of memory region size stored by each pool, can be either de-
termined statically ahead of time, or dynamically at run-time. We
implemented both options to determine their trade-offs.

SMA can choose the sizes which are pooled at run-time by mak-
ing use of a small on-core content addressable memory (CAM). As
a memory region is freed, its size is added to the CAM, replacing
the least recently used size if the CAM is full. The region’s address
is then appended to the appropriate array. During allocation, SMA
checks the CAM to see if any free regions of the requested size are
in the pool, returning one of these if they are available.

SMA can also choose a fixed set of sizes to be pooled ahead
of time. In this case each pool of free memory regions is statically
assigned a single size at compile time. While profiling could be
employed to choose the most appropriate sizes, the different treat-
ment of fixed-size blocks and small regions by SMA makes this
unnecessary. The bitmap method used to manage fixed-size blocks
implicitly splits and coalesces neighbouring blocks during free and
allocation operations, therefore deferred coalescing provides little
benefit. However, splitting and coalescing small regions is more ex-
pensive. Most of the savings can, therefore, be gained with only the
small region size classes being pooled.

4.2 State Memory Reduction

The small size of typical scratch-pad memories increases the rel-
ative space overhead required to store the state of memory alloca-
tion. While SMA was specifically designed to use as little memory
for state as possible, our implementation reduces this overhead fur-
ther by packing multiple elements into a single word. The small
size of scratch-pad memory means that pointers require less than
a word to address all of the available memory. SMA exploits this
fact to store multiple pointers in a single word. For example, nodes
in the doubly linked free-list require a single word, rather than two.
Additionally, this technique is used to significantly reduce the size
of the deferred coalesce pools described in the previous section.
This optimisation reduced the size of the state required by SMA to
manage 4kB of memory from 104 bytes to 56 bytes.

4.3 Size Tag Elimination

Most memory management routines store the size of a region just
before the start of the region proper. This size is required to free

the region, however, it induces additional memory overheads. SMA
provides a potential optimisation where the size of the allocated
memory region is encoded into the address returned to requesting
code instead. Due to the small sizes of scratch-pad memories, the
number of bits which are required to represent their address space is
smaller than the architecture’s word size. These unused bits are usu-
ally ignored by the memory subsystem, therefore, SMA can over-
write them with the size of the region. The free operation extracts
the size from the address pointer before proceeding with the free.
This optimisation is only appropriate for systems where the scratch-
pad memory’s address-space is smaller than the architecture’s word
size1 and distinct from the main memory’s address space.

Supplying the size of the region allocated alongside its address
could cause some reliability issues, particularly if the encoded
size is lost or changes due to operations on the address pointer.
However, the size tag, placed in front of allocated regions in more
conventional memory allocation systems, is equally vulnerable to
being accidentally overwritten by an application. Corruption of the
size encoded into a pointer in SMA is only possible when pointer
arithmetic overflows or underflows with respect to the scratch-pad
memory address size. To guard against any possible corruption,
SMA supplies low-overhead macros which enable modification
of a pointer without affecting the size encoded within it. If it is
not possible to use these macros in existing code (e.g. in external
libraries), this optimisation can either be turned off, or the size
information can be stripped upon entry to library code, and replaced
upon return. This optimisation was used by SMA in all our reported
experimental results in Section 5. However, in experiments we
performed with this optimisation turned off, we found that roughly
half of SMA’s reduction in memory wastage compared with Doug
Lea’s algorithm is due to this optimisation, and the associated
coalesce tag optimisation2 (Section 3.2.3).

4.4 Concurrent SMA

With the increased use of scratch-pad memories in multi-core sys-
tems, it is important that the SMA algorithm can be implemented
in a concurrency safe way that is scalable to simultaneous access
by multiple processing cores. One of the advantages of a scratch-
pad memory, compared to caches in a concurrent setting, is the ab-
sence of false sharing, where two threads may allocate data to the
same cache line. False sharing significantly slows each thread’s ac-
cess to this memory due to cache coherency operations. Without
cache coherency hardware, false sharing cannot occur in scratch-
pad memory systems, therefore, SMA does not implement poten-
tially complex false sharing avoidance schemes, as most other good
concurrent memory allocators (e.g. Hoard [4]) must.

Since SMA manages blocks and small-sized regions with very
different data-structures, the most effective form of synchronisation
depends upon the data-structure being updated. We use a lock-free
update algorithm to protect the block management data-structures,
while using locks to protect the small region data-structures.

Since SMA manages large blocks using a simple bitmap data
structure, a relatively simple lock-free update algorithm can be used
to protect this data-structure from multiple concurrent accesses.
To perform a large size allocation using SMA, a thread must read
the free-block bitmap, examine it to find an appropriate region of
memory to allocate, then write this update to the free-block bitmap
by clearing a series of bits. This sequence of operations must

1 An architecture with 32 bit words can use this optimisation for scratch-
pad memories up to 1MB in size, and 64 bit architectures could address
multi-gigabyte memories while still performing this optimisation.
2 Since boundary tags can be encoded in the same memory word as size tags,
both boundary tags and size tags must be eliminated before any reduction
in the memory overhead caused by these tags is possible.



1 do {
2 a t t e m p t [ ] = / / f i n d f r e e b l o c k s as b e f o r e

3 f o r i i n 0 . . l e n ( a t t e m p t ) { / / f o r each word

4 prev = t e s t&c l r ( blocks_bm [ i ] , a t t e m p t [ i ] ) ;
5 i f ( p rev & a t t e m p t [ i ] != 0) {
6 a l l o c _ f a i l e d = t r u e ; / / a n o t h e r t h r e a d b e a t us

7 / / e n s u r e we don ’ t r e v e r s e o t h e r t h r e a d s a l l o c

8 a t t e m p t [ i ]&= ∼ ( p rev [ i ] & a t t e m p t [ i ] ) ;
9 break ;

10 }
11 }
12 i f ( a l l o c _ f a i l e d ) { / / r e v e r s e u p d a t e s

13 f o r j i n 0 . . i−1 {
14 a t o m i c _ s e t ( blocks_bm [ j ] , a t t e m p t [ j ] ) ;
15 }
16 }
17 } whi le ( a l l o c _ f a i l e d ) ;
18 . . .

Listing 6. SMA concurrent large size allocation pseudo code.

be performed atomically with respect to other threads, otherwise,
a race condition exists where one thread can perform an update
between the read and update operation of another thread. Since the
second thread is not aware of this new update it could allocate its
request to the location already allocated to the first thread.

To protect against such races, SMA uses an atomic test and
clear instruction to update the free-block bitmap during allocations.
This instruction reads a location, clears a given sequence of bits at
that location, then returns the value just read. This allows a thread
to check that the blocks it just allocated are still free and have not
been allocated by another thread in the intervening time since it
read the free-block bitmap. If any of the blocks are no longer free,
the thread backs off by releasing those blocks it did succeed in
allocating, and then retries its allocation. Freeing a series of blocks
must also be performed atomically, in our case by using an atomic
set instruction. If these instructions are not available, a similar
approach can be taken using compare and swap instructions3.

If an update to the free-block bitmap spans multiple words, and
cannot be completed atomically, the free-block bitmap must be
updated in order, one word at a time. A potential live-lock condition
exists, where thread A performs an update to a word of the free-
block bitmap, which fails due to a successful update to the same
word by thread B. If thread A then goes on to perform a successful
update to the next word of the free-block bitmap, before thread B
performs its update to that word, thread B’s update will fail. Each
thread has caused the other to fail, thereby preventing any overall
progress. To prevent this live lock, each thread must check that its
update to a particular word has succeeded before progressing to the
next update. This lock-free algorithm is outlined in Listing 6.

The data structures used by SMA to manage the small regions
are more complex, consisting of a linked list (free-list) for each size
class, and coalesce tags for each block of small regions. One way
to protect these data structures is to use a single lock which must
be held before any thread can perform a small region allocation.
This is the approach taken by our SMA Coarse implementation.
However, this has limited scalability, so we also implemented a
more fine-grained locking approach (SMA Fine).

For this fine-grain locking, each size class has an individual lock
which must be held before a thread can allocate or free an object
of this size, increasing potential scalability by a factor of the num-
ber of small size classes. These locks protect the free lists, but they
must also protect the coalesce tags. They succeed in doing this for
common operations due to the coalesce and splitting strategy em-

3 An advantage of using the atomic bitwise instructions is that multiple
threads can perform non-overlapping updates concurrently without interfer-
ing, whereas, with compare and swap instructions, only updates on different
words of the free-block bitmap can succeed concurrently.

ployed by SMA. A region will only ever be coalesced with another
region of the same size, therefore, as long as a thread has locked the
size class in which it is interested, it can safely check and update
the coalesce tag as required. However, our implementation of SMA
allows coalesce tags to be moved within the block which they rep-
resent to reduce the memory wastage overhead they cause (see Sec-
tion 3.2.3). If an allocation operation requires that a coalesce tag be
moved (in our experiments this occurred during roughly 15% of al-
location operations, but not in any free operations), then the thread
must acquire all size class locks (using lock ordering to prevent
deadlocks). This ensures that no other thread tries to modify the tag
while it is being moved. Since this occurs relatively infrequently,
the overall effect on scalability is limited.

5. Results and Analysis

In order to evaluate the effectiveness of the this Scratch-Pad Mem-
ory Allocator, we investigated its performance when servicing re-
quests from real world application memory traces. We created an
implementation of SMA for the Intel IXP network processor, which
was chosen as a typical example of a heterogeneous multi-core ar-
chitecture. We feel these results can be generalised across most
other heterogeneous multi-core processors, as well as embedded
processors, with scratch-pad memories.

The Intel IXP network processor [1, 21] is targeted at network
packet processing applications. As a heterogeneous multi-core ar-
chitecture, the IXP consists of different processing core types,
specifically: an xScale for control purposes; and a number of micro-
engines for data processing. We implemented SMA for the micro-
engine cores as these employ a variety of scratch-pad memories.

Each micro-engine has access to two scratch-pad memories, one
local to that particular micro-engine, and one shared between all the
cores on the system. On the IXP 2350 hardware used in our eval-
uation, each micro-engine has 4kB of local scratch-pad memory,
with a 1-4 cycle access latency and 16kB of shared scratch mem-
ory, with an access latency of 50-100 cycles depending upon bus
contention. Since the shared scratch-pad is concurrently accessible
to multiple executing cores, the micro-engines can execute certain
atomic operations on this memory (e.g. test and set, compare and
swap, etc.), allowing synchronisation of data access.

5.1 Experimental Set-up

These experiments were run on a cycle accurate simulator of the
Intel IXP 2350. A simulator was used for convenience reasons only;
identical results were achieved on real hardware. The IXP 2350
contains four micro-engine cores, clocked at 900MHz. In most of
these experiments only one micro-engine is enabled. The shared
memory concurrency experiments (Section 5.5) are an exception,
increasing the number of micro-engines executing to investigate the
scalability of the SMA algorithm.

To gain realistic memory allocation traces for these experi-
ments, the memory allocation and free requests of a number of
commonly used Unix applications were traced with the mPatrol
library4. The applications traced were: a2p – conversion of a 15kB
text file to postscript; gcc – compilation of the file “combine.c” in
the gcc source, using gcc; gst – ghostscript extraction of a 682kB
postscript file; cvt – application of the charcoal filter to a 1024x768
Jpeg image using ImageMagick; ogg – encoding of a 20 second
wav file using the ogg encoder; pyt – execution of the python ex-
ample file “md5driver.py”; and tar – archive and gzip compression
of 27 files in 4 directories into a 1Mb archive.

These application runs all request much more memory than is
available in scratch-pad memory, therefore, the traces used in these
experiments are subsets of the original traces. Our modification of

4 http://www.cbmamiga.demon.co.uk/mpatrol



Resource SMA
SMA
(LM)

SMA
(CAM)

DLmalloc

State Memory
(Bytes)

40 56 1041 516

Code Memory
(Instructions)

297 364 443 1634

Avg. Allocation
Time

(Cycles)
72.8 53.2 50.9 70.7

Avg. Free Time
(Cycles)

52.4 36.9 34.6 95.2

164 of these words are in content addressable memory

Table 1. Resources required to manage 4kB local memory.

these traces first removed all allocations for sizes bigger than the
size of memory being managed. Randomly chosen allocation re-
quests and their corresponding frees were then repeatedly removed
until the trace’s peak requested memory was below 95% of the
size of the scratch-pad memory being managed. This approximates
an approach where a runtime system chooses whether to allocate
memory requests in scratch-pad or non-scratch-pad memory based
upon the size of the request and addition data usage information in
the form of annotations as proposed in Section 1. The allocation re-
quests retained in these subset traces represent allocation requests
which had a "use fastest" or similar annotation. Those thrown out
would be allocated from the slower main memory heap. Ten subset
traces were created for each original trace, with error bars showing
the standard deviation between these ten traces.

We contrast SMA’s performance with Doug Lea’s malloc imple-
mentation [17]. Doug Lea’s malloc (referred to as DLmalloc from
here onwards) forms the basis of the Linux allocator in the GNU C
library, and is widely considered to be one of the fastest and most
space efficient allocators available. We considered other well used
memory allocators, such as FreeBSD’s PHKmalloc [11], however,
these allocators often make optimisations which do not suit size
constrained scratch-pad memories, such as, limiting each page to
allocations of a single size class. Version 2.8.3 of DLmalloc was
ported to the IXP micro-engine core. While operating system spe-
cific calls, such as requesting additional memory pages, were re-
moved, the algorithm itself remained unchanged. Every effort was
made to optimise the compilation of DLmalloc for the IXP micro-
engine core, however, no attempt was made to alter DLmalloc’s
underlying algorithm in order to make use of IXP specific features
such as the CAM.

5.2 Overall Performance

Table 1 outlines the resources required by both SMA and DLmalloc
for management of the 4kB local memory available to IXP micro-
engines. SMA uses a block size of 128 bytes and can further subdi-
vide these large-size blocks into small regions of sizes 8, 16, 32 or
64 bytes. As well as the standard SMA algorithm, we implemented
both the local memory and content addressable memory deferred
coalesce region pools as described in Section 4.1 – SMA (LM De-
fer) and SMA (CAM Defer) respectively.

The amount of memory required for state information by SMA
to represent the memory being managed is less than 8% of that
required by DLmalloc. SMA (LM Defer) has a pool for each small
size class, in this case four, to defer coalescing of these sizes. Our
implementation stores each pool in a single word5, leading to an
additional 4 words (16 bytes) of state and 11% of the overall state

5 Three pointers can be held in a single 32 bit word, therefore each size
class pool can defer coalescing of up to three elements. Doubling this to six
elements did not significantly improve performance.

Resource SMA
SMA

(LM Defer)
DLmalloc

State Memory
(Bytes)

112 128 516

Code Memory
(Instructions)

430 503 1723

Avg. Allocation
Time

(Cycles)
335.6 150.3 530

Avg. Free Time
(Cycles)

207.4 189.2 721

Table 2. Resources required to manage 16kB shared memory.

memory requirements of DLmalloc. SMA (CAM Defer) uses all
of the 16 word content addressable memory to store the deferred
coalesce pools, thereby using 20% of the state memory required by
DLmalloc. With respect to code complexity, SMA uses only 18%
of the code required by DLmalloc. Adding deferred coalescing
slightly increases SMA’s code requirements to 22% and 27% of
DLmalloc for the LM and CAM pools respectively.

At 16kB, the shared scratch-pad memory is four times larger
than the micro-engine local memory. The same 128 byte block
size is used by SMA in these shared scratch-pad memory exper-
iments. We dispensed with SMA (CAM Defer) as it uses more
resources than SMA (LM Defer), without providing a significant
performance improvement.

The state memory requirements of SMA (Table 2) are slightly
increased compared with the local memory figures, however they
are still less than 22% of DLmalloc’s requirements (25% when de-
ferred coalescing is implemented). The increase, compared to the
local memory implementation, is due to a larger free-block bitmap
required to represent the larger shared scratch-pad and an increased
number of coalesce tag pointers. This could have been alleviated by
increasing the block size, at the expense of higher internal fragmen-
tation. While DLmalloc’s static state memory requirements have
not changed, compared with its local memory implementation, ex-
amining the causes of memory wastage (Figure 11) shows that its
dynamic state memory requirements have increased due to bound-
ary tags. Code complexity of all the algorithms is slightly increased
compared with the local memory implementations, due to the more
complex nature of the memory being accessed. However, SMA is
still significantly less complex, requiring 25% (29% with deferred
coalescing) of the instruction memory needed by DLmalloc.

5.3 Execution Performance

The average execution time required to service an allocation re-
quest, or free a region of memory across all traces is also presented
in Tables 1 and 2. These results are split by benchmark application
and normalised to Doug Lea’s malloc algorithm in Figures 4 and 5
for the 4kB local memory experiments, and Figures 6 and 7 for the
16kb Shared memory experiments.

SMA’s allocation performance, when managing the 4kB local
memory, is roughly comparable to that of DLmalloc (about 11%
slower on average). However, the performance of SMA during free
operations is considerably faster than that of DLmalloc, due to
SMA’s simplified coalescing scheme. On average, frees are 43%
cheaper than DLmalloc, leading to an overall reduction in memory
management performance overhead across the traces overall.

Analysis of execution performance across the benchmark appli-
cations shows that the SMA algorithm performs worst when a trace
consists of a large number of very small allocations (i.e. 2-4 words
such as in a2p, gcc, cvt and tar). Small memory allocations cause
SMA to have to regularly split up larger regions to service these re-
quests, while freeing these small regions causes multiple coalesces.
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Figure 4. 4kB local memory allocation performance
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Figure 5. 4kB local memory free performance

Deferred coalescing significantly reduces the overhead of small
region allocation in SMA. Most traces show 20-60% improvement
when using either the CAM or LM schemes. The improvement is
slightly better for the CAM scheme as it can defer coalescing of any
memory region size, while the LM scheme can only defer coalesc-
ing for sub-block sized regions. However, the difference was more
marginal than we expected, suggesting that typical applications re-
quest such a wide variation of sizes that the most benefit is seen
over the small subset of sizes which are guaranteed to be reused.
Overall, SMA (LM Defer) and SMA (CAM Defer) perform 25%
and 29% better than DLmalloc respectively when allocating mem-
ory, and about 64% better when freeing memory.

The overall number of cycles required to allocate or free a
region of memory in the shared 16kB scratch-pad is much greater
than that in local memory, due to the significantly higher access
latencies of this memory. Since much of the time is spent blocked
waiting for memory accesses, the micro-engine cores can switch to
another unblocked hardware thread to reclaim these wasted cycles.
The actual number of cycles spent doing useful work for these
allocators is comparable to that of the local memory allocators.

The allocation performance of SMA is superior to DLmalloc
when managing this shared scratch-pad memory (Figure 6), requir-
ing on average 39% fewer CPU cycles to service a memory alloca-
tion request compared with DLmalloc. Deferred coalescing shows
an even greater performance improvement for the shared memory
implementation, with an average of 73% fewer cycles compared to
DLmalloc. This is due both to the deferred coalescing and the lower
latency for accessing the memory regions in the deferred coalesce
pool as it is stored in local memory, as opposed to shared memory.
The number of cycles required for an average free operation using
SMA is 70% lower than DLmalloc, with deferred coalescing im-
proving this further to 74% fewer cycles than DLmalloc (Figure 7).

The increase in performance of SMA compared with DLmalloc
is much larger when managing the high latency shared IXP mem-

a2p gcc gst cvt ogg pyt tar avg
0

20

40

60

80

100

120

140

N
o
rm
a
lis
e
d
 A
llo
c
a
ti
o
n
 T
im
e
 (
%
)

Doug Lea
SMA
SMA (Defer)

Figure 6. 16kB shared memory allocation performance
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Figure 7. 16kB shared memory free performance

ory than the low latency local IXP memory. This implies that SMA
accesses memory less frequently than DLmalloc, and should there-
fore scale better as memory latency continues to increase relative to
CPU clock speed. It is also interesting to note that with deferred co-
alescing, both allocating and freeing from shared scratch-pad mem-
ory using SMA is less costly than a single access to external DRAM
memory, which costs 200 cycles on average in this architecture.

5.4 Memory Wastage

Memory allocators contribute to a loss of potentially usable mem-
ory through a number of factors: boundary tags; internal fragmen-
tation; data structures storing state about the managed memory;
and external fragmentation. Figure 8 shows that SMA, on average,
wastes 40% less memory than DLmalloc when managing the 4kB
local memory. Figure 9 shows that this reduction is mostly due to
the reduced memory state required by SMA. Deferred coalescing
increases the state memory requirements, causing a slight increase
in overall memory wastage (the LM implementation seems to buck
this trend due to a reduction in external fragmentation, likely due
to favourable memory layout caused by the delayed coalescing).
When managing the 16kB shared memory (Figure 10) SMA has,
on average, a 15% reduction in memory wastage, compared to DL-
malloc (12% with deferred coalescing). Figure 11 shows that the
main cause of memory wastage under SMA is internal fragmenta-
tion. This is largely down to SMA’s limit of power-of-two sizes for
small memory regions, which causes non-power-of-two small sized
allocations to be potentially rounded up by a significant percentage.
Examining the trace files shows that those traces which performed
well under SMA mainly requested sizes close, or equal to a power
of two, while those which did not, performed less well.

In order to investigate the scalability of SMA to scratch-pad
memories, which are larger than those available on the IXP pro-
cessor, we modelled the SMA algorithm in Python and applied
this model to the management of memories in a range from 1kB
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Figure 10. 16kB shared memory wasted

to 1MB. Traces were collected in a similar manner to those used
in the previous experiments (with the 4kB and 16kB traces being
the same as those used before). Figure 12 shows the overall per-
centage of memory lost due to the SMA and DLmalloc allocation
algorithms across different memory sizes. The experimental results
from the previous graphs are overlaid to show the minimal differ-
ence between modelled and experimental results.

The line marked SMA (128B) corresponds to the above exper-
iments where a block size of 128 bytes was used. Once the size
of memory reaches 128kB, the state memory reduction provided
by SMA when compared to DLMalloc, becomes negligible com-
pared to overall memory size. However, by reducing the block size,
the amount of internal fragmentation caused by SMA can be re-
duced, as fewer sizes need to be rounded up to a power-of-two. If
the block size is reduced to 32 bytes (SMA (32B)), SMA wastes
less memory overall, and does not reach the percentage of memory
wasted by DLmalloc until the memory is half a megabyte in size.
Although we have yet to perform experiments with SMA using 32
byte blocks in hardware, we would expect the increase in the num-
ber of overall blocks, required to represent memory, would cause a
slight slowdown in SMA execution performance.
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Figure 12. Memory wastage across memory sizes.

5.5 Concurrent Access Scalability

In order to examine the scalability of the SMA algorithm, we
implemented the two concurrent SMA algorithms described in
Section 4.4: SMA Coarse, which protects memory state with a
single lock; and SMA Fine, which protects each size class with an
individual lock. Both of these concurrent implementations manage
the 16kB IXP scratch-pad memory shared across the micro-engine
cores. Since SMA (Defer) stores the pool of deferred coalesce
regions in local memory, these free regions are inaccessible to other
cores. Under certain situations this isolation of memory regions
can lead to premature memory exhaustion, especially in a producer
consumer relationship where one core allocates data objects and
another core frees these objects. However, these pools are bounded
and limited to storing small-sized memory regions. Therefore, the
maximum amount of memory which can be isolated is 360 bytes
per core (3 elements of each small size class).

The same memory traces were used for these concurrency mea-
surements as the single threaded case, however, each of the opera-
tions in a single trace was randomly assigned to an available core.
Memory regions are not necessarily freed by the same core which
allocated them, simulating a producer / consumer relationship for
some of the data. All cores do nothing other than memory alloca-
tion and free operations repeatedly, with no work executed between
memory management operations. This would be very unusual in a
real world application and simulates the worst case contention.

Figure 13 shows the average speed-up in the time required for
each algorithm to complete all the memory operations in a given
trace, as the number of threads executing in parallel increases. Both
locking mechanisms incur less than 6% overhead compared to the
non-locking implementation of SMA in a single threaded environ-
ment. The use of a test and set operation to implement per-size class
locking means that SMA Fine incurs less than 1% additional single
thread overhead compared with SMA Coarse, while scaling signif-
icantly better. Without deferred coalescing, SMA Coarse realises
only a 1.6x speedup with four times as many cores executing. The
fact that SMA Coarse can scale at all is due to the fact that large al-
locations use a lock free algorithm, and so are not serialised by the
single coarse lock. SMA Fine scales better, with a 2x performance
increase at four cores.
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With deferred coalescing incorporated, not only does the av-
erage performance increase, but the scalability of the SMA algo-
rithm also improves. Deferred coalescing helps lower overall lock
contention, since requests which can be serviced from the deferred
coalesce pool do not have to synchronise with other threads. This
leads to a 2.4x speed up for SMA Coarse and a 3x speed up for
SMA Fine at four cores.

6. Conclusions

In this paper we have proposed SMA, a lightweight dynamic
heap memory management algorithm targeted at small scratch-
pad memory management. This algorithm reduces the size of
data structures required to manage memory by: initially repre-
senting memory coarsely, only resorting to fine-grained manage-
ment where necessary; use of coded bit-maps for compact data-
structures; and elimination of boundary tags in favour of coalesce
tags that can be hidden in unused memory. Code complexity and
execution times are low thanks to simple bitmap based algorithms.

Our current implementation of SMA suffers from higher inter-
nal fragmentation than DLmalloc, therefore, initial future work will
focus on reducing this overhead, most likely through removal of the
power-of-two restriction on small memory sizes. Further work will
concentrate on hiding the disjointed memory spaces of SMA man-
aged scratch-pad memory and main memory, through the use of a
virtual machine based runtime system which can use code annota-
tions to inform its data placement decisions.

The propagation of scratch-pad memories to more complex and
general purpose architectures will increase the need for effective
automatic management of this memory. Our experience with SMA
suggests that dynamic management of scratch-pad memory is both
practical and beneficial.
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