MCAPI-compliant Hardware Buffer Manager
Mechanism to Support Communication in Multi-Core
Architectures

Thiago Raupp da Rosa Thomas Mesquida

Romain Lemaire Fabien Clermidy

{firstname.lastname@cea.fr}
Univ. Grenoble Alpes, F-38000 Grenoble, France
CEA, LETI, MINATEC Campus, F-38054 Grenoble, France

Abstract—High performance and high power efficiency are
two mandatory constraints for multi-core systems in order to
successfully handle the most recent applications in several fields,
e.g. image processing and communication standards. Nowadays,
hardware accelerators are often used along with several
processing cores to achieve the desired performance while
keeping high power efficiency. However, such systems impose an
increased programming complexity due to the lack of software
standards that supports heterogeneity, frequently leading to
custom solutions. On the other hand, implementing a standard
software solution for embedded systems might induce significant
overheads. This work presents a hardware mechanism in co-
design with a standard programming interface (API) for
embedded systems focusing to decrease overheads imposed by
software implementation while increasing programmability and
communication performance. The results show gains of up to
97% in latency and an increase of 40 times in throughput for
synthetic traffics and an average decrease of 95% in
communication time for an image processing application.

I.  INTRODUCTION

The application constraints driving the design of embedded
systems are constantly demanding higher performance and
lower power consumption. Since pushing single-thread
performance is not viable to scale microprocessor performance
up [1], multi-core architectures are being widely used to meet
these requirements. To further increase power efficiency,
embedded systems are employing hardware accelerators to
execute dedicated tasks. Due to the increasing complexity of
underlying systems, developing embedded applications is
becoming a key challenge for two main reasons [2]. First,
embedded application workload will continue to grow in
diverse fields (e.g. spatial, automotive, etc.) [16]. Second, the
software technologies are not evolving as fast as hardware
architectures, leaving a gap in the full system design [1].

In order to decrease this gap, several works present
implementation of standard APIs (Application Programming
Interface) [3][4]. However, the induced performance overhead
might compromise the application performance and,
consequently, violate the initial constraints. A standard
specifically designed for embedded systems could decrease this
overhead, though none is widely used. A promising solution of
software standards for embedded system is proposed by the
Multi-Core  Association (MCA) [16]. The Multi-core
Communication API (MCAPI) is presented in works such as
[51[6][7]. Yet, as shown by these works, only MCAPI itself
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cannot extract the full performance provided by the hardware
architecture, leading to sub-optimal performance.

The addition of hardware mechanisms to handle inter-
process communication can increase the overall performance
by speeding-up the communication. On the other hand, most of
the time, these mechanisms are not flexible to couple with
different types of architectures and/or do not take into account
the increased complexity in software development to manage
them. Thus, it is mandatory to co-design hardware and software
to increase the programmability of multi-core architectures and
achieve expected performance requirements. Nevertheless, the
use of a standard software API is essential for code reuse and
compatibility.

Therefore, the main contribution of this work is to propose
the co-design of a hardware mechanism to handle data transfers
in multi-core architectures and MCAPI. The mechanism
handles inter-process communications in a socket-like fashion.
It is demonstrated that the mechanism can be programmed by
the software API with no additional complexity and the
performance is improved when compared to a DMA solution.

The rest of this paper is organized as follow: Section II
presents related work regarding hardware communication
mechanisms and implementation of standard APIs for
embedded systems, showing that limited effort has been made
to co-design software and hardware. Section III describes the
reference architecture of this work and solutions for
improvement. Section IV presents the proposed hardware
mechanism and MCAPI mapping over the architecture. Finally,
Section V shows the experiments and results, while Section VI
concludes the paper.

II.  RELATED WORK

The  communication performance in  multi-core
architectures is subject of many works. Most of these works
present solutions to improve the performance by implementing
hardware mechanisms that perform operations usually handled
by software, or by improving a given point of the target
architecture. A hardware mechanism for distributed memory
architectures is proposed in [8]. The mechanism is composed of
several components that handle the communication of the
processing nodes (Memory Sever Access Points — MSAP), a
control network and a data network. Each MSAP has several
input and output ports connected to dedicated FIFOs for data
transfers. The connection is created by linking an input to an
output port. Though the results show the scalability of the
proposed mechanism and a performance increase for the
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evaluated applications, there is no mention about software
support or how the application is able to benefit from the
hardware mechanism. References [9] and [10] present solutions
to decouple communication and computation for message
passing systems. Yet, the programmability of the architectures
targeted in these works is not addressed. In [11], a hardware
mechanism based offering the possibility to program transfers
by informing task IDs with a software support is presented.
Still, the software solution is provided by a set of custom,
which limits code portability and reusability.

On the other hand, the programmability issue for multi-core
architectures is addressed in works such as [12] and [13]. In
[12] it is proposed a communication aware programming
approach that enables to specify communication requirements
at application level using a standard programming language.
These requirements are handled by the operating system, which
configures the hardware accordingly. Although providing a
solution that increases the application performance in multi-
core architectures, this approach relies on the target architecture
to provide mechanisms that can boost the performance.
Reference [13] introduces a hardware mechanism for data
transfers between processing cores, hardware accelerators and
local memories inside a cluster. The programmability of the
target architecture is increased by using a standard software
API. However, the hardware mechanism provides support only
at local interconnection, without addressing the communication
between processes executing in different clusters.

Thus, we present a hardware mechanism to manage inter-
process communication co-designed with a standard software
API. Compared to the works previously mentioned, the
proposed solution increases the global system performance
while maintaining the overall system programmability.

III.  SYSTEM ARCHITECTURE

The architecture used as reference is composed of several
clusters connected by a Network-on-Chip (NoC). Each cluster
comprises several CPUs (MIPS R3000 core) with their
respective private memories, input and output NoC modules
(CPU subsystem), a Shared Memory, a Network Interface (NI)
and a Communication and Synchronization subsystem, as
depicted in Fig. 1.

The CPU subsystem sends and receives control messages
through the output and input modules, respectively. In turn, the
Communication and Synchronization subsystem is employed
for data transfers. This subsystem is composed of a DMA and
an Event Synchronizer (ES) [14]. The DMA is able to perform
data transfers through requests issued by the CPUs. These
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Fig. 1. Reference architecture block diagram and hierarchy.

2016 Design, Automation & Test in Europe Conference & Exhibition (DATE)

! Receiver

|
|

Sender :
| Process
1

SW Process —‘

HW

| | |
Fig. 2. Partitioning schemes for implementation of a buffer
management solution in hardware.

requests provide usual parameters: source buffer address,
destination buffer address, transfer size and transfer
identification (ID). The Event Synchronizer is a hardware
module that works as a programmable interrupt controller. It
stores the state of CPU communication activities in
synchronization event registers (SER). A synchronization mask
can be programmed by the CPU and, when the value of a SER
matches the value stored in the synchronization mask, an event
is generated. Thus, the CPU can be notified when the transfer
with a given ID is completed (e.g. for buffer reallocation) by
setting the synchronization mask accordingly and by the DMA
signalling the Event Synchronizer that this given transfer was
completed.

From the software point of view, a set of functions is
provided for inter-process communication. The communication
is handled through FIFOs, which benefits a wide range of data-
flow applications. The FIFOs are placed in the Shared Memory
and controlled by software routines. Thus, the application does
not need to manage local or remote addresses in data transfers,
decreasing programming complexity. Additionally, as the
address mapping is global, the set of shared memories can be
seen as a single distributed shared memory with non-uniform
memory access time (NUMA), making it possible for any CPU
to write in any FIFO of any cluster.

However, the implementation of a FIFO mechanism in
software creates processing and traffic overheads. Although the
data transfer is performed by the DMA, the FIFO status
checking, pointer exchanges and pointer updates have to be
handled by the CPU and impact the performance during data
transfers. Moreover, when sender and receiver processes are in
different clusters, the pointers must be exchanged through the
NoC, resulting in traffic overhead and higher communication
latencies. Thus, in order to completely decouple computation
and communication and increase system performance, a
hardware mechanism to manage buffers/FIFOs with flexible
configuration and low control overhead should be exploited.

Fig. 2 illustrates how the mechanism could work: two
hardware blocks, Writer and Reader, are introduced to manage
data access to the shared FIFO buffer in order to detach the
low-level communication management from Sender and
Receiver processes. Three partitioning schemes between
clusters can be considered, depicted by the numbers 1, 2 and 3.
Each number represents a partitioning of blocks among sending
and receiving clusters: left side of the dotted line is
implemented in the sender side, while the right side is
implemented in the receiver side.

Partitioning 1 and 3 are equivalent by implementing the
FIFO buffer in one or the other cluster with the respective
blocks for writing and reading. On the other hand, the
partitioning 2 completely separates the writing and read blocks
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in their respective clusters. Any of the partitioning eliminates
the processing overhead of controlling the FIFO from the CPU.
However, the partitioning 2 presents a higher overhead in
network traffic, since the Writer and Reader blocks must
exchange pointer addresses. Furthermore, partitioning 3
requires remote reads while partitioning 1 requires remote
writes, which presents a better performance in the reference
architecture. Thus, the FIFO communication mechanism
presented in this paper is implemented using the partitioning
scheme 1.

IV. BUFFER MANAGER MECHANISM

The proposed mechanism, called Buffer Manager
Mechanism (BMM), targets to decrease the computation and
traffic overheads in inter-process communication. This is
achieved by providing fast configuration, accelerating FIFO
management by using hardware implementation, avoiding
pointer exchange to decrease the number of control messages
and abstracting addresses through port IDs. The BMM replaces
the DMA in the Communication and Synchronization
subsystem to handle data transfers. The CPU can access the
BMM through address-mapped registers. However, contrary to
the DMA, which handles only send operations, the BMM
handles write and read requests.

The CPU generates the requests by writing information
such as source and destination addresses and transfer size in
specific memory-mapped registers. The requests are divided in
three types: address-based, direct stream-based and indirect
stream-based. The address-based request is used to perform
transfers in a DMA-fashion way, where the source and
destination addresses are explicitly provided. This request
replaces the requests previously handled by the DMA. On the
other hand, the stream-based requests abstracts the destination
addresses through connection IDs, herein called ports,
implementing a connection-based communication, where
resources are allocated previously to data exchange. In the
direct stream-based request a single word of 32-bits is
transmitted from a source port ID to a target port ID, while in
the indirect stream-based request a buffer of 32-bits words is
transmitted from a source port ID to a target port ID.

Table I presents the write and read requests encoding. The
first row represents the address bits, while the second row
represents the encoding of the respective bit(s). The BMM is
accessed by setting the address bits 22, 21 and 20 to the value
"011". The request type (read or write) is encoded in the bit 19.
The bits 18 and 17 are used to inform the request type (address-
based, indirect or direct stream based), while the bit 16 informs
the request has been completed in cases where it takes more
than one write. The port ID is encoded from the bit 15 to the bit
8 and informs to the respective block the local port to which the
request is related. The CPU ID is encoded between the bits 7
and 4 and is used to store the requests in their respective
queues. The address bits not mentioned are set to value '0'".

The number of writes required to generate a request vary
according to the request type. The address-based transfer
TABLEI - Address encoding used to create a request.

19 |18 17[16|15 817 4
R'W T |E port ID CPU ID

IR/W — Read or Write operation; T — Type; E — End of Request;
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request is used only for sending data and requires three writes
in the memory-mapped registers: source address, destination
address and transfer size. The stream-based requests require
one and two writes for direct and indirect requests,
respectively. For direct stream-based requests the data to be
transmitted is written (write requests), or the received data is
returned (read requests). In indirect stream-based requests the
written data are the source buffer address (write request) or
target buffer address (read request), and the transfer size.

The BMM is composed of four main blocks: Buffer
Manager Interface (BMI), Buffer Manager Read (BMR),
Buffer Manager Write (BMW) and Credit Manager (CM). The
BMI is used only in the sender side, while the BMR and BMW
are used only in the receiver side. The FIFO control is
performed in hardware by BMR and BMW modules. These
blocks decouple the FIFO control of sender and receiver
processes, as previously discussed in Section III. From the
sender point of view, no knowledge about the FIFO structure is
needed. However, a flow control police must be implemented
to avoid sending data when there is no available space to
receive it. Thus, the CM implements a credit-based flow
control. Additionally, from the software point of view, there is
no need to manage remote addresses since the sender process
exclusively uses connection IDs, decreasing programming
complexity.

The BMI block is responsible for handling write requests
created by the Sender process, while the BMR is responsible
for handling read requests created by the Receiver process. The
BMW receives the data sent by the BMI and store it in the
respective FIFO accordingly the target port ID information.
The CM is responsible for sending and updating credits.
Credits are sent always that a read request is completed or a
programmable threshold is reached. The credit update is
performed when a write request is completed (decrease of
credits) or when a credit update message is received (increase
of credits). Finally, three table structures are used by the BMM
to control the communication requests: Connection Table,
which stores the remote port ID connected to its respective
local port ID; Credit Table, which stores the number of
available credits for a respective local port; and Buffer Table,
which stores the read and write pointers of the FIFO used by
the respective port. In this work the tables are implemented as
registers and the FIFOs are placed in the cluster Shared
Memory. However, since the mechanism is flexible, the tables
could be placed in a memory and FIFOs could be implemented
as a hardware block.

Fig. 3 depicts how the mechanism works during an indirect
stream-based request. In both sides there is a set-up phase,
which consists of the CPU initializing the Connection Table
with the remote port IDs that will be sending/receiving data for
the respective local ports. Next, in the Sender cluster, the CPU
writes data in a buffer in the local memory and creates a write
request for the BMI. Then, the BMI retrieves the remote port
ID in the Connection Table and the available credit for the local
port ID. In case of available credits the data packet is sent
through the NoC with the target port ID information, and the
CM is notified to update credits for the respective local port ID.

In the Receiver cluster, the data is received by the BMW,
which accesses the Buffer Table based on the target port ID and
writes the data in the respective FIFO. At a given moment, the
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Fig. 3. Buffer Manager Mechanism functional scheme.

CPU in the Receiver cluster creates a read request for the
BMR. Then, the BMR access the Buffer Table based in the
local port ID and copies the data from the respective FIFO to
the target address. Finally, the BMR notifies the CM to
generate credits to the remote port ID. Both BMI and BMR
have queues to store the requests created by each CPU
independently. The request selecting process is performed
using a round-robin algorithm. Nevertheless, a request is
selected only if the needed number of credits is available.

A. MCAPI Mapping

The Multi-core Communication AP (MCAPI) defines an
inter-task communication and synchronization API for
embedded systems specified by the Multi-core Association
[16]. Its main objective is to provide code portability, scalable
communication performance and low memory footprint.
Several works present an implementation of this standard
[1][5][6][71[15], showing this is a promising solution for
communication standard in embedded systems.

The MCAPI specification defines two levels of hierarchy:
domains and nodes. A domain is composed of one or more
nodes. A node is defined by the specification as an independent
thread of control, i.e. an entity that can exclusively execute a
sequential flow of instructions, such as a process, thread,
processor, hardware accelerator, etc. As the reference
architecture is divided in clusters, each one represents a
domain, while each CPU inside a cluster represents a node.

The communication is performed between nodes through a
pair of socket-like termination points called endpoints. Three
communication modes are supported: messages, packet
channels and scalar channels. The main difference between
messages and packet or scalar channels is the flexibility,
allowing data transmission between nodes without having to
establish a connection. On the other hand, channels provide a
higher performance due to the resources previously allocated in
the connection set-up phase. Both packet and scalar channels
transmit data in a FIFO manner. The difference between packet
and scalar channel is the size of data transfers. Packet channels
are able to transfer data chunks of variable sizes, while Scalar
channels support transfers of 8, 16, 32 or 64-bits only.

The Buffer Management Mechanism has been specified so
that the implementation of MCAPI primitives can be achieved
with a limited software complexity. In the target architecture,
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the endpoint structure is mapped in a 32 bits integer and
encodes the port, the CPU and the Cluster identification
numbers (IDs). The endpoint ID is directly mapped to an
available port ID in the BMM. Thus, when executing MCAPI
functions, the decoding of an endpoint tuple to a port ID is a
simple shift. Moreover, the three communication modes can be
fully handled by the BMM due to the different request types it
supports. MCAPI messages specify source and target address
and a transfer size, which can be handled with address-based
requests. Packet and scalar channels require dedicated
connections and are handled through channel identifiers. These
characteristics are supported by indirect and direct stream based
requests. Thus, the MCAPI implementation only needs to
decode the channel identifier into a port ID and create the
respective requests to perform send and receive operations.
Therefore, as the BMM configuration can be performed with a
maximum of 3 CPU write operations in memory-mapped
registers, the overhead induced by the MCAPI implementation
is limited, thus, preserving performance.

V.  EXPERIMENTS

A.  Environment Setup

The proposed mechanism is evaluated on a simulation
environment based on a SystemC/TLM (Transaction-Level
Model) description with timing annotation. The evaluations are
conducted in order to compare the BMM and DMA
performances with their respective MCAPI implementations.
The CPUs and peripherals are running at 200 MHz and the
NoC at 500 MHz in all scenarios. The “ping-pong” benchmark
[7] is used to characterize throughput and latency, while the
system performance is evaluated with the application susan
[18] by measuring communication and execution times. The
following sections provide details on the scenarios used to
collect the results and their respective performance figures.

B. Software Implementation

The main difference between the software layer
implementation for the DMA and BMM is the FIFOs
management. When using the DMA, a set of software functions
referred as FIFO API performs the FIFO management and is
used by MCAPI to implement send and receive calls. The FIFO
API size is around 1.5KB, corresponding to 5% of the total
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Fig. 4. Throughput comparison between BMM and DMA.

code size (considering the low level software functions that
access the reference architecture and the MCAPI
implementation). On the other hand, when using the BMM, the
MCAPI layer directly creates write and read requests to
perform sends and receives, decreasing the total size of
software code. For instance, the MCAPI send and receive
functions are implemented with 125 and 271 instructions,
respectively, when using the BMM. This represents a decrease
of 49% in the number of instructions when compared to the
FIFO API implementation.

C.  Throughput

The throughput is measured with two processes in the ping-
pong application. However, only the first phase is executed, i.e.
the data is sent only in one direction. Fig. 4 shows the
throughput for DMA and BMM related to the packet size. The
total amount of data transmitted in this scenario was 16KB. The
throughput limit represented by the dotted line is calculated
accordingly to the architecture characteristics. Taking into
account that the MIPS CPU is running at 200 MHz and the fact
that it takes 2 cycles to write each data at the bus, the maximum
achievable throughput is 3200 Mbps. The result shows that the
communication throughput using the DMA and FIFO API
ranges from 15 Mbps to 46 Mbps, compared to a range of 29
Mbps to 1780 Mbps when using the BMM. This represents an
increase of 40 times using the BMM when compared to the
solution including the FIFO API and DMA. Nevertheless, other
scenarios with higher amounts of data were simulated. The
results show that the maximum throughput achieved with
BMM gets closer to the theoretical limit as the amount of data
transmitted is increased, while the maximum throughput using
the DMA stays constant.

The throughput efficiency is evaluated in Fig. 5. The
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Fig. 6. Round-trip time latency for different packet sizes.
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Fig. 5. Throughput efficiency comparison between BMM and DMA.

efficiency can be calculated as the ratio between the total
number of user-data bytes sent and the total number of bytes
sent through the NoC, which includes the protocol overhead.
The evaluation was performed for a total of 16KB of user-data
transmitted. The total number of bytes takes into account both
producer and consumer processes, considering credit packets
and channel set-up messages. The result shows that the BMM
dramatically increases the throughput efficiency, since the
overhead induced by the software implementation due to the
FIFO pointer exchanging is removed.

D. Latency

The latency comparison is performed with two processes in
the ping-pong benchmark and measures the round-trip-time of
the communication. Two scenarios were evaluated: (i) a single
packet of variable size and (ii) 8KB of data transmitted varying
the packet size. The results are presented in Fig. 6 and Fig. 7
respectively. Fig. 6 shows that the BMM is able to decrease the
latency for small packet sizes around 60% and up to 97% for
bigger packet sizes. In Fig. 7 the total latency is higher for
small packet sizes due to the higher number of packets needed
to complete the transmission. The decrease in latency is similar
to the one presented in Fig. 6, with higher gains for bigger
packet sizes.

E. Communication and Execution Times

The communication and execution times are evaluated
using the application susan. This application is used for
recognizing corners and edges in images. The application was
evaluated with different number of CPUs processing the input
file (256x256 pixel image). All the CPUs run the same code,
varying the amount of data that each one processes. Fig. 8
presents the results for the average communication time related
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Fig. 7. Round-trip time for a fixed number of data at different packet
sizes.
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to the number of CPUs used to process the image. The BMM is
able to decrease the communication time up to 96.5%. Fig. 9
shows the evaluation of the total execution time for the same
scenarios. It is possible to notice that, with fewer CPUs, the
significant decrease in the communication time presented in
Fig. 8 has lower impact in the application performance, since
the CPUs spend considerably more time processing than
communicating. However, as the number of CPUs increase, the
gain in the application performance also becomes significant,
due to the higher impact of the communication time over total
execution time.

VI.  CONCLUSION

This work presented a hardware mechanism, called BMM,
for managing FIFO-like communication in multi-core
architectures co-designed with MCAPI. The mechanism is
flexible, being programmed through memory-mapped registers.
This characteristic allows the BMM to be used not only for
CPUs but also with other hardware accelerators. The buffer
table structure allows the FIFOs to be dynamically allocated in
the system following a connection initialization phase. The
results show that the mechanism was integrated with the
MCAPI implementation with no software complexity increase.
Moreover, the performance gains provided by the BMM are
very significant in terms of throughput (increase of 40 times),
latency (decrease up to 97%), and application performance
(decrease of total execution time up to 19%). Future works will
be oriented on table structures resource sharing in order to limit
hardware overhead and extension of the buffer mechanism to
be interfaced with hardware accelerators in order to exploit the
heterogeneity aspect of MCAPI.
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