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Abstract. For processors with vectorial computing units like DSP, it is very
important to ensure vector load/store operations alignment of memory blocks,
and minimize space wastage when making memory allocations. In this paper, we
design and implement a memory management method, vector memory pool, suit-
able for embedded vector processors. By partitioning an entire block of memory
space into many aligned vector objects and making efficiently use of vector pro-
cessing units, the processing of memory manipulation library functions such as
memset/memcpy is accelerated. The implementation and comparative verification
of vector memory pool on RT-Thread Nano based on SWIFT DSP was completed,
and the running efficiency reached a tens of times improvement compared to the
original method.
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1 Introduction

DSP is an embedded processor that is very good at realizing various digital signal
processing operations (such as digital filtering, spectrum analysis, etc.) at high speed.
The strengths of high-performance DSP are their ability to perform vector operations,
pointer linear addressing, and other data processing with large amounts of operations.
Generally, DSP chips are mostly used in embedded scenarios, but they also have the
need to support multitasking. In order to realize multitasking scheduling and memory
management functions on embedded devices while ensuring the real-time performance
of embedded DSP chips, the porting and targeted optimization of real-time operating
systems on embedded devices are especially important [1].

A real-time operating system is an operating system that can support the operation
of real-time control systems. Compared to improving the efficiency of using computer
systems, the primary task of real-time operating systems is to schedule all available
resources to accomplish real-time control tasks as much as possible. Real-time operating
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system programs are small, task switching is fast, and interrupts are blocked for a very
short time [2].

The resource environment of embedded systems is also various. Some systems are
resource constrained with only tens of KB of memory available for allocation, while
others have several MB of memory, and it becomes complicated to choose an efficient
memory allocation algorithm for these different systems that is suitable for them.

In this paper, we design a new static memory management method, vector mem-
ory pool, for a real-time operating system, RT-Thread Nano, running on SWIFT
DSP developed by the CIC lab of Tongji University, and verify its correctness and
performance.

2 Relate Work

2.1 RT-Thread Nano

RT-Thread is a free open source embedded real-time operating system platform created
by a group of open-source enthusiasts in China, mainly for small and medium-sized
microcontrollers, using the GPLv2 license, which can be applied to commercial projects
for free and does not require the project to be open source [3—5]. RT-Thread Nano
is a minimalist version of the hard real-time kernel, developed in C language, using
object-oriented programming The RT-Thread Nano is a cuttable, preemptive real-time
multitasking RTOS developed in C with an object-oriented programming mindset.

The RT-Thread operating system provides different memory allocation management
algorithms in a targeted manner, depending on the upper layer applications and system
resources. In general, they can be divided into two categories: memory heap management
and memory pool management. And memory heap management is further divided into
three cases according to specific memory devices: the first is for allocation management
of small memory blocks (small memory management algorithm); the second is for allo-
cation management of large memory blocks (slab management algorithm); and the third
is for allocation cases of multiple memory heaps (memheap management algorithm).

The memory heap manager can allocate memory blocks of arbitrary size, which is
very flexible and convenient. However, it also has obvious drawbacks: first, it is not
efficient in allocation, and free memory blocks have to be looked up at each alloca-
tion; second, it is easy to generate memory fragmentation. To improve the efficiency of
memory allocation and avoid memory fragmentation, RT-Thread provides an alternative
memory management method: Memory Pool [6-9].

Memory pool is a memory allocation method used to allocate a large number of small
memory blocks of the same size, which can greatly speed up memory allocation and
release and avoid memory fragmentation as much as possible. In addition, RT-Thread’s
memory pool supports thread hang function, when there is no free memory block in
the memory pool, the application thread would be hung until there is a new available
memory block in the memory pool, and then the hung application thread would be woken
up.

The memory pool’s thread pending feature is ideal for scenarios that require synchro-
nization via memory resources, such as when playing music, the player thread decodes
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the music file and sends it to the sound card driver, which drives the hardware to play
the music.

The following is a description of the static memory pool implementation.

A memory pool is created by first requesting a large block of memory from the
system, and then dividing it into multiple smaller blocks of the same size, which are
directly connected by a link list (this link list is also called free block link list). At each
allocation, the first memory block at the head of the chain is taken from the free link list
and provided to the requestor. As you can see in the Fig. 1, there are multiple memory
pools of different sizes allowed in physical memory, each of which in turn consists of
multiple free memory blocks, which the kernel uses for memory management. When a
memory pool object is created, the memory pool object is assigned to a memory pool
control block whose parameters include the pool name, memory buffer, memory block
size, number of blocks, and a queue of waiting threads [10-12].

block size = 256

mp1 thread

block size = 512

D — i | thread
@ @ thread

free block list used block

mem pool table waiting thread list

Fig. 1. The design of a typical memory pool in RT-Thread.

2.2 SWIFT DSP

Swift is a SIMD VLIW DSP chip, from hardware architecture to assembly instruction
set are developed by CIC lab of Tongji University, is an 8-launch, 13-stage pipeline very
long instruction word DSP processor, while the on-chip by a set of bit width of 2560bit
vector registers, and for the vector registers designed a variety of memory load/store
and calculation instructions. It also provides a complete tool chain, including LLVM-
based compiler, assembler, linker, and functional/structural simulator, and supports GDB
debugging and FPGA test verification [13—15].

The CIC lab of Tongji University has previously implemented RT-Thread support for
SWIFT DSP and completed the porting and correctness testing of RT-Thread Nano on
DSP. Now, we are considering the optimization of its memory management performance,
mainly considering the efficient use of memory and vector optimization of some system
library functions like memset by using the existing vector register resources on chip.
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3 Design and Implementation

3.1 Vector Memory Pool

For embedded processors like DSPs, there is no memory mapping and all applications
access the real physical address. Memory pools are suitable for this class of systems
without MMU. 0 address corresponds to the real memory starting address (so it must
also be accessible).

For processors with vector registers, the load/store instruction is usually designed
separately for vector processors, and the access address alignment of such instructions
is strongly related to the width of the vector, while the general-purpose memory pool
design usually does not give special consideration to vector load/store, and the adoption
of the previously described memory pool design leads to the following phenomenon.

Although many memory pool designs are designed with multiple block size structures
of different bit widths, they are handled by linking a pointer and a memory block together
and linking the memory blocks into a free block chain through the pointer, which leads
to the fact that the addresses of the memory blocks are not aligned as required, and a
large amount of space is often wasted for vector structure alignment in order to meet the
needs of vector object read and write usage. As we can see in the Fig. 2.

vector size = 256 Byte

block size = 512 Byte vector align = 256 Byte
A
[ \
0XA000 0xA100 i oxA204 0xA300  OxA408
0xA400
0xA004 0xA200  O0xA208

Fig. 2. The space wasted in memory pool for vector align.

For the special case of vector registers mentioned above, this paper designs a new
vector memory pool that splits the memory block from the original chain structure so that
each memory block is guaranteed to be address aligned, adds a pointer to the memory
block in the original chain architecture, and records the pointer from the memory block
to the original structure through an external hash table. The specific logic structure is as
follows Fig. 3.
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Fig. 3. The logic design of vector memory pool.
3.2 Design Details

Top-Level Design

At the top level, a mptable is created to record the mp structures according to different
vector sizes, each mp structure points to the whole memory segment allocated to it, and
the memory blocks are aligned according to the vector width, and each memory segment
is divided into blocks according to its block size, and a free block linklist is created. The
specific structure is shown in the Fig. 4.

The mp structure records the memory space and size allocated to this thread pool,
as well as the size of the memory blocks divided, the total number of free blocks and
the chain of free blocks, and the chain of threads currently requesting memory from this
mp and the number.

Initialization
Get a whole block of memory and complete vectorization alignment, divide it into
multiple block blocks according to the desired size, generally, the size of the block
could be much larger than the number of blocks divided, so it is only necessary to
simply put the first [8*n/block_size 4 17 blocks used to save the linklist structure of
the head area, give each block used for memory allocation number 0-n, create an array
of linked node structures of size n in the head area, each pointer structure and memory
block one by one, ptr points to the next node structure, pblk points to the memory block
corresponding to the current structure, and also create a hash table for block addressing.
Finally, the free block linklist is saved in the vector memory pool structure to complete
the initialization.

Allocation and Free

The process of allocating a vector memory pool is relatively simple. After finding a free
block, it is plucked from the chain table and the pointer is pointed to the original mp
structure, which is not much different from the general memory pool allocation.
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Fig. 4. The top-level design of vector memory pool.

The memory free process, because of the separation of memory blocks and pointers,
cannot directly find the mp structure to which the current memory block belongs as in a
regular memory pool implementation, so extra space and time are needed to complete the
process by finding the corresponding structure of the memory block through an external
hash table mapping and inserting the memory block back into the free list, using the
header insertion method.

Figure 5 shows an example of a vector memory pool usage, where memory block 1
is first requested and then block 4 is freed.

[ ™| L _m | L m |
alloc block1 free block4 '

Fig. 5. An example of vector memory pool.
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Memory Library Vectorization

Since the space arrangement of the vector memory pool is aligned according to the vector
load/store format, we can use vector registers to accelerate some memory operations,
typically such as memset/memcpy and other operations.

For the space allocated using vector memory pool, if we want to do batch mem-
ory read/write, by using vector registers, we can get a theoretical 64 times efficiency
improvement, as the vector size is 2560 bits which can be considered as 64 cells of 40
bits. Here is a detailed example comparison of memcpy in Fig. 6, for larger memory
copy, if we don’t use vector registers, we need to loop n times, if we use vector registers
+ normal memory pool, we need to use additional scalar copy to handle memory space
close to a vector size, if we use vector registers 4 vector memory pool method, we can
maximize the efficiency of batch copy.

[ scalar load/store ops [l vector load/store ops
— —
—
B
—
—_—
e —
—_—
—
R ——
—
—
—
R
e —
scalar memcpy vetor memcpy vetor memcpy
+ scalar mem pool + vector mem pool

Fig. 6. An example comparison of memcpy.

Since vector registers also support the special instruction called vmovg2y, it is possi-
ble to rewrite individual scalar values to each group of the vector, allowing efficient opti-
mization for operations such as memset. By reusing hardware loop and step read/write
instructions, the efficiency of mem operations can be further improved.

3.3 Implementation

RT-thread internally encapsulates the memory pool call interface, so we can keep the
interface consistent by adding our designed vector memory pool to the original base
memory allocation method of RT-Thread, which could simplify our work on other unre-
lated aspects, allowing us to focus on the vector memory pool implementation, and
enabling us to compare the vector memory pool with the existing methods, which is
beneficial for performance analysis.

The SWIFT DSP is a high-performance vector processor with a 256 bytes wide
data bus and up to 2560 bits vector arithmetic units. CIC lab has equipped it with a
complete and efficient tool chain and completed the port of RT-Thread Nano, so the
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implementation and verification of our designed vector memory pool can be done using
RT-Thread Nano running on the SWIFT DSP.

Initialization

To create a vector memory pool, refer to the standard memory pool interface provided by
RT-Thread, we design the following static vector memory pool initialization interface.
rt_err_t rt_vmp_init(rt_mp_t mp, void *start, rt_size_t size, rt_size_t block_size);

Initialize the vector memory pool, first pass in the relevant data via parameters,
including the target address used to allocate space, the address needs to be externally
aligned to the actual vector situation before passing in, the size of the space, and the
size of the memory block, after which the actual number of available memory blocks is
calculated based on the two sizes, while the relevant counters are configured to set all
blocks to idle and the number of waiting threads to 0.

After that, split the head and blocks according to the calculated number of blocks, map
the head area into an array of link nodes, initialize the link nodes and free memory blocks,
establish a one-to-one correspondence, and create a hash table to save the mapping of
memory blocks to nodes, after that, return the established vmp structure to complete the
initialization.

Allocation and Free

Similarly, refer to the original interface of RT-Thread and implement void *rt_vmp_alloc
(rt_mp_t mp, rt_int32_t time); for requesting memory, where the meaning of the time
parameter is the timeout for requesting the allocation of a memory block. If there are
free memory blocks in the memory pool, the first memory block is taken from the free
block chain table of the memory pool, the number of free blocks is reduced and this
memory block is returned; if there are no more free memory blocks in the memory pool,
the timeout time setting is judged: if the timeout time is set to zero, the empty memory
block is returned immediately; if the waiting time is greater than zero, the current thread
is hung on this memory pool object until there are free memory block available in the
memory pool, or until the wait time is reached.

For memory freeing, implement void rt_vmp_free (void *block); interface. When
using this function interface, first find out the connection node corresponding to the
memory block that needs to be freed through the hash table, calculate the memory pool
object that the memory block is in (or belongs to), then increase the number of available
memory blocks in the memory pool object, and add the freed memory block to the free
memory block chain table. Then determine if there is a pending thread on that memory
pool object, and if so, wake up the first thread on the pending thread chain table.

Memory Library Vectorization

For mem-related operations, according to the original interface, implement void
*rt_vmemset(void *src, int c, rt_ubase_t n); and void *rt_vmemcpy(void *dest, const
void *src, rt_ubase_t n); this two mem library functions, mixed in ¢ and assembly lan-
guage, call special vector operation instructions to complete the vector mem operation.
The core operators of these two memory operations are vmovrg2v10 and vstore10.
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4 Evaluation

By comparing with RT-Thread Nano’s existing memory pool and mem operation library,
we can analyze the operational efficiency of the static vector memory pool we designed.

We use the RT-Thread Nano running on the SWIFT DSP structure simulator to
perform the test. This structure simulator is able to get the exact running time of the
program on the DSP, which can be used for our experimental results verification and
comparative analysis. And the simulator could record and output the number of cycles
the program runs when it stops at a breakpoint, so that we can calculate the running time
of each library function by adding breakpoints before and after the target code segment
to be tested. The test case is a simple multi-threaded code, configuring the vector bit
width used by the DSP to 2048 bits, designing two threads with the same priority, and
the entire execution of each thread is much smaller than the size of a time slice allocated
by the operating system, so there is no problem with the impact of task scheduling on
the clock cycle. One thread use the Rt-Thread memory pool and mem library functions,
and the other use vector memory pool and vector mem library, and each operation is
looped 10 times to calculate the average number of running cycles.

We analyze the operational efficiency by comparing the number of the program
running clock cycles, including the initialization /allocation and free of the memory
pool, and focusing on the efficiency of mem-related operations. As can be seen in Figs. 7
and 8, the vector memory pool does not have a particularly large additional overhead in
establishing allocation and recovery compared to the standard implementation, except
for the free operation, which requires an additional time overhead of reverse lookup.

cycles
2,500,
2272
2107

2,000
1,500

1,000

500/ 375
145 147 132

init ‘ alloc free

mempool = vector mempool

Fig. 7. The evaluation results of vector memory pool

We can see that by using vector arithmetic units, both memset and memcpy operations
have a large performance improvement, and the magnitude of the improvement varies
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Fig. 8. The evaluation results of vector memory library

according to the bit width size. The performance improvement is 12.8 times, and at
2048 bits, the performance improvement is 15.6 times, the efficiency improvement of
memcpy also reaches 19.42 times and 24.22 times.

Analyzing the above results, first, during the initialization phase of the memory pool,
the vector memory pool needs to build a block reverse lookup table at the same time, and
this operation incurs some overhead, but since the init operation itself requires a large
number of clock cycles, the slight increase does not affect the usage. For the memory
allocation operation, both memory pools require an operation to get the block address,
and the number of cycles spent here is almost the same, so it can be considered to have
no effect. As for the memory free operation, since the vector memory pool requires a
reverse lookup, the time overhead in this area is relatively large, and this is an area that
can be optimized in the future. By introducing methods like bitmap, the time complexity
of the lookup can be adjusted to O(1), and the performance loss of the free operation
can be accepted due to the huge performance improvement in the mem operation, for
example, a common scenario where a block of memory is acquired and initialized using
malloc and freed after use, where this three memory library functions, alloc + memset
+ free, are used, and the huge performance gain from memset can completely cover the
loss of free. In fact, the performance of the vector memory pool in such a scenario is
6.22 times higher than before.

For vector mem functions, the performance improvement of the vector memory
pool is more significant and, as the block bit width size increases, the performance
improvement becomes more pronounced. This is because, as the memory block size
increases, the percentage of call overhead generated by the system gradually decreases
and the efficiency of vector utilization becomes more obvious.
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S5 Conclusion

In this paper, we design and implement a memory management method, vector memory
pool, suitable for use in embedded vector processors. By dividing the contiguous address
space according to the vector bit-width alignment, it solves the space wastage problem
in memory allocation for processors like DSP that need to use a lot of vector load/store,
and by using vector units, the processing of memory manipulation library functions such
as memset/memcpy is accelerated. The implementation of vector memory pooling and
comparison verification was done on rt-thread nano running on SWIFT DSP. Compared
with the original method, there is only a slight loss of efficiency in the creation of memory
pools for allocation and free, but it is able to ensure that the allocated space has been
aligned according to the vector load/store requirements, and to achieve a tens of times
improvement in the operational efficiency of mem operations.
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