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The Responsive MultiThreaded (RMT) Processor is
a system LSI that integrates almost all functions
for parallel/distributed real-time systems including
robots, intelligent rooms/buildings, ubiquitous com-
puting systems, and amusement systems. Concretely,
the RMT Processor integrates real-time processing
(RMT Processing Unit), real-time communication (Re-
sponsive Link II), computer I/O peripherals (DDR
SDRAM I/Fs, DMAC, PCI-X, USB2.0, IEEE1394,
etc.), and control I/O peripherals (PWM generators,
pulse counters, etc.). The RMT Processor, with a
design rule of 0.13µm CMOS Cu 1P8M and a die
size 10.0mm square, was fabricated by TSMC. The
RMT Processing Unit (RMT PU) executes eight prior-
itized threads simultaneously using fine-grained mul-
tithreading based on priority, called the RMT archi-
tecture. Priority of real-time systems is introduced
into all functional units, including cache, fetch, and
execution, so the RMT PU guarantees real-time exe-
cution of prioritized threads. If resource conflicts oc-
cur at functional units, higher priority threads over-
take lower priority threads. Flexible powerful vector
operation units for multimedia processing are also de-
signed. System designers use on-chip functions easily
by connecting required I/Os to this chip and the de-
signers realize distributed control by connecting sev-
eral RMT Processors with their own functions via Re-
sponsive Link II.

Keywords: real-time, distributed control, Responsive
Link, SoC, RMT

1. Introduction

Parallel/distributed processing is required to control
high-performance and/or multi-functional robots in real-
time, especially in designing very large-scale systems not
controllable by a single processor, or control systems in
which many sensors and actuators are spread widely. Dis-
tributed control is less widely used with embedded control
than in the field of information processing.

We designed the Responsive MultiThreaded (RMT)
Processor, which is a system LSI, to realize distributed

real-time systems easily. The RMT Processor integrates
real-time processing (RMT Processing Unit), real-time
communication (Responsive Link II), computer peripher-
als (PCI-X, USB2.0, IEEE1394, etc.), and control periph-
erals (Pulse Width Modulation (PWM) generators, pulse
counters, etc.).

Because the RMT Processor is a very large-scale sys-
tem LSI (exceeding 14Mgates), we focus on RMT Pro-
cessing Unit (RMT PU) architecture. The RMT Proces-
sor design concept, the real-time processing concept by
hardware, a bus, and power management are described in
[1].

A register set to execute a thread is called a (hardware)
context. A context consists of general-purpose (GP) reg-
isters, floating point (FP) registers, status registers, and a
program counter (PC). The RMT PU has eight hardware
contexts, so eight threads with 256-level priority run si-
multaneously. Software such as a real-time scheduler sets
the priority for each thread.

The fetch mechanism fetches eight instructions of the
higher priority thread per clock cycle from the i-cache.
If it cannot fetch the highest priority thread because of a
cache miss, a branch prediction miss, etc., it fetches in-
structions from the next higher priority threads in priority
order. Whenever higher priority threads finish execution,
lower priority threads begin execution. Execution mecha-
nisms execute threads based on priority out of order using
prioritized renaming buffers, prioritized reservation sta-
tions, prioritized reorder buffers, etc.

When the number of threads is less than or equal to
eight and a static real-time scheduling algorithm includ-
ing Rate Monotonic (RM) is used, the RMT PU executes
these threads in real-time by hardware alone and no soft-
ware scheduler is needed. To execute more threads in real-
time by hardware and to cope with a dynamic real-time
scheduling algorithm including EDF, the on-chip context
cache that can save 32 thread contexts including GP reg-
isters, FP registers, status registers, and PCs, is designed
and implemented. Only four clock cycles are needed to
switch (swap) thread contexts between a context and the
context cache, greatly reducing context switching over-
head.

Since current real-time applications require high com-
puting performance for multimedia processing, including
image processing and voice processing, flexible powerful
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Fig. 1. Block diagram of RMT Processor.

vector operation units are designed for multimedia pro-
cessing. As multiple threads are executed in parallel on
the RMT PU, some require simultaneous vector opera-
tions, so vector registers are shared by multiple threads
efficiently by reserving the size required for the executing
vector operation. A FP vector unit executes four 64-bit
IEEE754 FP operations and an integer vector unit exe-
cutes eight 32-bit integer operations per clock cycle. Two
FP vector units that share 512-entry 64-bit FP vector reg-
isters and two integer vector units that share the 512-entry
32-bit integer vector registers are implemented. Each vec-
tor unit is used independently by different threads simul-
taneously. A single thread can also use all vector units at
the same time.

The RMT PU executes real-time tasks prioritized by a
real-time scheduler, making the time granularity of real-
time processing finer.

2. RMT Processor Overview

The Responsive Processor, an earlier version of the
RMT Processor, has real-time communication mechanism
[2] but not real-time processing by hardware, but the RMT
Processor has both.

The RMT Processor (Fig.1) integrates the following
onto one chip (system-on-a-chip) so that it can be widely
used in embedded systems.

� Real-time processing: RMT PU

� Real-time communication: Responsive Link II

� Computer peripherals: PCI-X, USB2.0, IEEE1394,
DDR SDRAM I/Fs, DMACs, RS-232C, etc.

� Control peripherals: PWM Generators, Pulse Coun-
ters, etc.

System designers can use on-chip various functions
easily by connecting required I/Os to this chip, and the
designers can realize distributed control by connecting
several RMT Processors with their own functions via Re-
sponsive Link II.

While an internal vector unit executes image process-
ing, for example, captured by a digital camera connected

to USB2.0 or IEEE1394 in real-time, pulse counters and
PWM generators are controlled by the processing result,
as are corresponding actuators.

3. Responsive Link

The RMT Processor integrates Responsive Link II as
real-time communication. Responsive Link II is based on
the real-time communication standard Responsive Link
[2]. The real-time communication architecture of Respon-
sive Link II is designed for distributed real-time systems
as follows:

� Separation of data transmission for soft real-time and
event transmission for hard real-time

� Fixed packet size: 64-byte data and 16-byte event

� Point-to-point serial link

� Independent routing of the data link and the event
link

� Priority-based packet overtaking. The packet with
higher priority overtakes packets with lower priority
at each node.

� Packet acceleration/deceleration using priority re-
placement. Packet priority can be replaced by a new
priority at each node to accelerate/decelerate packets
under distributed control.

� Prioritized routing. When multiple packets with dif-
ferent priority levels are sent to the same destination,
a different route can be set to realize exclusive com-
munication links or detours.

� Variable link speed (800, 400, 200, 100, 50, 25,
12.5Mbaud)

� Plug & Play

� Topology-free

� Low latency

Responsive Link II realizes flexible real-time commu-
nication based on these features. Maximum one-way
communication speed is 800Mbaud. Communication
speed can be changed dynamically to reduce power con-
sumption. Five sets of Responsive Link II are imple-
mented on the RMT Processor, one set connected directly
to the RMT PU and four sets arranged on the chip. Since
a set of Responsive Link II consists of an event link and a
data link, each link is full-duplex, and there are five sets of
Responsive Link II on the chip, the total switching speed
of Responsive Link II per chip is 16Gbaud/chip.

Responsive Link II is connected to the RMT PU two
ways, – with Responsive Link II treated as a normal 32-
bit I/O peripheral, and with Responsive Link II treated as
a RMT PU internal register file. By using a DMAC and
dual port memory inside Responsive Link II, packets are
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Fig. 2. Real-time execution on a single processor.

automatically transmitted and received by hardware; or
with event links required to be low latency connected to
the internal processor bus of the RMT PU directly. Since
the Responsive Link II event link is treated as a special
internal register file, the RMT PU transmits and receives
event packets by writing and reading the internal register
file, and realizing very low-latency communication and
inter-processor shared registers easily.

Responsive Link has been standardized as the IPSJ
Trial Standard (IPSJ-TS 0006:2003), the domestic stan-
dard in Japan [3]. Responsive Link is also being stan-
dardized by ISO/IEC JTC1 SC25. Once this interna-
tional standardization is realized, real-time communica-
tion among different systems will be realized, together
with large-scale distributed control systems.

4. Design Policy Realizing Real-Time Execu-
tion

Figure 2 shows real-time execution scheduled by the
EDF scheduler on a single processor. When an operating
system switches an execution task, it saves the hardware
context of the task in memory, then restores the new con-
text of the next executing task to the processor. Such fre-
quent context switching causes a serious problem in real-
time systems.

To solve context switch overhead and bound time re-
quired to switch a context, we apply a multithreaded
mechanism with priority to real-time processing.

First, multiple hardware contexts are implemented on
a chip as in a single pipeline multithreaded processor.
Tasks prioritized by a real-time scheduler are stored in the
hardware contexts and executed by a multithreaded mech-
anism with priority. Higher priority tasks are fetched,
issued, and executed at each pipe stage based on prior-
ity. If enough contexts are implemented on the chip and
the number of tasks is fewer than the number of imple-
mented contexts, the tasks are executed in real-time by the
multithreaded mechanism with priority without context
switching. Fig.3 shows a real-time execution on the single
pipeline multithreaded processor with priority. Tasks are
executed in priority order. Lower priority tasks are kept
waiting until higher tasks have finished execution even if
lower tasks are ready to run, the same as conventional by
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Fig. 3. Real-time execution on a single pipeline multi-
threaded processor with priority.
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Fig. 4. Real-time execution on RMT PU, a multiple pipeline
multithreaded processor with priority.

using a software scheduler and a context switch (Fig.2).
In brief, each software context switch is converted to pri-
oritized multithreading by hardware. Since no software
context switch is needed, real-time task schedulability is
improved.

Then, we apply priority to a multiple pipeline multi-
threaded processor such as a Simultaneous MultiThread-
ing (SMT) [4, 5] processor. If priority is introduced to
the SMT processor, prioritized tasks are executed in pri-
ority order similar to the case of the single pipeline mul-
tithreaded processor with priority, so real-time execution
is also realized. In brief, all software context switches are
converted to prioritized SMT by hardware, i.e., Respon-
sive MultiThreaded (RMT) execution, with both proces-
sor utilisation and task schedulability improved because
of RMT execution.

We designed the RMT PU so that it could execute pri-
oritized threads in real-time (Fig.4), e.g., some higher
threads run simultaneously in priority order. We also call
this architecture Responsive MultiThreaded (RMT) archi-
tecture.

5. Related Work

A real-time scheduling policy is applied to select de-
coded instructions in a Komodo multithreaded micro-
controller [6] to reduce context switching overhead. Im-
proving processor utilisation improves total system per-
formance, but thread performance is low, because the Ko-
modo micro-controller pipeline consists of a single four-
stage pipeline. Soft real-time applications including im-
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Fig. 5. Block diagram of RMT PU.

age processing require high performance computing, so
the performance of a single thread must be high.

Priority is introduced in the selection of fetch threads
in a SMT processor, so foreground thread performance
while other threads are running is not lower than for sin-
gle thread execution [7], thereby improving whole-system
performance.

Real-time scheduling by software on an SMT processor
is detailed in [8]. This research focuses on soft real-time
scheduling for simultaneous execution threads and their
shared resources on the SMT processor.

6. RMT PU Design

6.1. Pipeline

The RMT PU is designed to execute prioritized threads
in real-time without software context switching. When
multiple threads run in parallel, resource conflicts includ-
ing functional units and caches among these threads may
occur. The RMT PU gives conflicted resources to higher
priority instructions. Priority is assigned by a real-time
operating system.

Figure 5 shows the RMT PU block diagram. Fig.6
shows pipeline stages. Each pipe stage is processed as
follows:

Fig. 6. Pipeline stages.

1. The FS stage selects which thread is fetched in the
instruction unit based on priority.

2. The IF1 stage translates the address using the i-
MMU and reads tag information.

3. The IF2 stage selects the objective way by compar-
ing tags and updates access information.

4. The IF3 stage accesses the i-cache and fetches eight
instructions.

5. The IA stage decodes four instructions in parallel,
analyzes branches, and stores the instructions in the
instruction buffer.

6. The IS stage selects which instructions are issued in
the instruction buffer. Unselected low priority in-
structions are kept waiting in the instruction buffer
until all higher priority instructions are issued.

7. The REG stage renames destination registers in re-
name buffers (GP rename buffer and FP rename
buffer), accesses source registers, and assigns re-
order buffer entries to corresponding instructions.

8. The RS1 stage stores the instructions in correspond-
ing reservation stations.

9. The RS2 stage tests whether instructions are ready
and selects which instructions are to be executed
among ready instructions based on priority.

10. The EXE stage executes operations.

11. The WB stage writes finished instructions back to
rename and reorder buffers, and writes results back
to the rename buffer.

12. The CS stage selects instructions among instructions
ready to be committed based on priority.
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Table 1. Instruction fetch and issue overview.

Contexts (register sets) 8
Instruction fetch 8
Instruction decode 8
Instruction issue 4
32-bit integer registers 32 entries/thread
64-bit FP registers 8 entries/thread
Integer rename registers 32 entries
FP rename registers 32 entries
Reorder buffers 16 entries/thread

13. The COM stage commits the instructions. When an
instruction writes data to a register file, this stage
writes the value of the rename register to the register
file including the GP register file and the FP register
file.

As noted above, each functional unit at which resource
conflicts occur is designed so as to be arbitrated by pri-
ority. In this design, hardware is more complex than in
[7], but the highest priority thread always gets resources
at each unit and continues running to prevent priority in-
version. If higher priority threads do not occupy all re-
sources, lower priority threads run using remaining re-
sources. The RMT architecture accurately guarantees
the execution time of the prioritized threads. Software
scheduling such as in [8] may improve execution time pre-
cision of lower priority threads.

6.2. Instruction Issue Mechanism
The instruction issue mechanism issues multiple

threads to the instruction execution mechanism. Param-
eters as shown in Table 1 are decided by a tradeoff be-
tween required hardware resources and silicon area (the
number of gates), because the RMT Processor is imple-
mented on an actual VLSI chip, TSMC 0.13µm CMOS
1P8M 10.0mm square chip, by our project as part of a
large national project.

This mechanism writes results sent by instruction exe-
cution mechanisms to integer rename registers or FP re-
name registers. If an instruction is committed, the result
is only written to the register of the corresponding thread.
The result is not written to the reorder buffers.

6.3. Thread Control Unit
Eight contexts are designed and implemented on the

RMT PU. If the number of real-time threads is less than
or equal to eight, the RMT PU can execute these threads
without context switching. If the number of threads ex-
ceeds eight, a context switch is required. A software con-
text switch normally takes over 1,000 clock cycles. To
reduce context switching overhead, the on-chip context
cache which can save 32 thread contexts is designed and
implemented on the RMT PU. The RMT Processor de-
signed for embedded control handles 40 threads at a time

Fig. 7. Thread control unit.
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Fig. 8. A line of thread table.

by hardware. The context cache is connected to each reg-
ister file via wide exclusive buses (256-bit for GP registers
and 128-bit for FP registers). The context switch between
on-chip contexts and the context cache is realized by hard-
ware to dramatically reduce overhead.

A thread saved in the context cache is called a cached
thread, while a thread in one of eight hardware contexts
and ready to run is called an active thread.

The thread control unit realizes thread control including
context switching (Fig.7). Active threads are managed by
the thread table in the thread control unit, which generates
all thread control signals to the whole processor.

Figure 8 shows a line of the thread table. The EN-
ABLE field indicates whether the active thread is valid.
The STATUS field indicates the status of the active thread,
such as executing, stopped, saving to the context cache,
or restoring from the context cache. The KEEP field
indicates whether the active thread is kept in the hard-
ware context. The PRIORITY field indicates the priority
level of the thread. As 256-level priority is enough for
rate monotonic scheduling [9], 256-level (8-bit) priority
is used in the RMT PU.

Special instructions control active threads to access the
context cache in the RMT PU. Thread control instructions
control each thread using 32-bit unique ID.

Special control instructions for active threads, includ-
ing create, remove, execute, stop, and set priority, write
the thread table to control active threads. Special control
instructions for the context cache such as saving an active
thread to the context cache, restoring a cached thread from
the context cache to the processor, and swapping an active
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Fig. 9. Instruction issue unit.

thread and a cached thread, are sent to the thread control
unit, where the thread control unit searches the cached
thread table (CMEM Table in Fig.7), generates the en-
try number of the context cache, and accesses the context
cache.

These control instructions are not speculative and are
processed only when the instruction is committed. When
a thread control instruction, such as saving another ac-
tive thread to the context cache or swapping another ac-
tive thread and a cached thread, is committed, the instruc-
tion fetch and issue of the target thread that will be saved
or swapped immediately stop. Just executing instructions
in each pipe stage only proceed. After executing instruc-
tions are all committed, the thread control instruction is
executed; the target thread that should be saved is actu-
ally saved to the context cache.

6.4. Instruction Issue Unit
Figure 9 diagrams the instruction issue unit.

6.4.1. Instruction Fetch

If an instruction fetch unit is designed to fetch multiple
threads at the same time, the throughput of the whole sys-
tem is improved, but the number of cache ports increases,
increasing the size of the i-cache. For example, the num-
ber of gates of dual port SRAM is two times larger than
single port SRAM, so the RMT PU is designed to fetch
eight instructions of a thread per clock cycle based on pri-
ority at the FS stage (Fig.6) with single port SRAM used
as the i-cache.

Generally, the virtual address cache is faster than the
physical address cache, but the special physical cache
with priority is designed and implemented in the RMT
PU for two main reasons:

The RMT Processor is used for distributed real-time
control and has many I/O peripherals. Each I/O peripheral
is controlled independently by its control thread. These
I/O control threads run cyclicly and simultaneously, and
account for a large percent of all threads in real-time con-
trol systems. In this case, the virtual address cache is not
effective.

If a synonym problem could occur, anti-aliasing mech-
anism should be implemented by hardware. Since 8-way
set associativity is desirable at least because of 8-way
multithreading, anti-aliasing mechanism increases hard-
ware.

The physical address cache with priority is thus de-
signed and implemented in the RMT PU.

The instruction MMU is located between the process-
ing unit and the instruction cache, so one additional clock
cycle is required for an instruction fetch. Thread selec-
tion requires a pipe stage (FS stage), and MMU transla-
tion requires a pipe stage (IF1 stage). To hide the latency,
a speculative fetch unit is designed while the IF3 stage
gets instructions from the i-cache. Fetch addresses are
predicted by the branch target buffer (BTB).

Instruction fetch processes are shown in Fig.9 as fol-
lows:

� Fetch Thread Selector
selects threads to be fetched based on priority. If
these thread priorities are the same, it fetches the
threads by round robin.

� Fetch PC Selector
keeps fetched PCs, generating the prefetched PCs us-
ing the BTB. It also invalidates the fetched instruc-
tions when the prefetched PCs become invalid.

� Decoder
decodes instructions at the first half of the IA stage.

� Instruction Analysis unit
analyzes the relationship among four of eight fetched
instructions, deciding the next fetching address and
validation of each fetched instruction using both the
decoded results and branch prediction. The decoded
results are stored in the instruction type table used by
the instruction issue selections.

� PC Control Unit
keeps the next PCs.

6.4.2. Instruction Issue

To avoid blocking the execution of high priority threads
when instruction issues of low priority threads are con-
gested, instruction buffers keeping decoded instructions
and instruction type tables keeping decoded results are
designed. Eight sets of the instruction buffer that keeps
16 instructions per context (thread) are designed. Issuing
instructions are selected in the instruction buffer at the IS
stage.

The instruction issue selector also selects real-time
threads based on priority. Some applications may require
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soft real-time processing and high performance by paral-
lel processing, so instruction issue policies for total sys-
tem performance are designed. These instruction issue
policies are selected by software.

One is that instructions of higher priority threads
should be issued as much as possible at the instruction
issue policy that regards real-time performance as impor-
tant, called real-time policy. The other is that instructions
of different multiple threads should be issued as much
as possible at the instruction issue policy that regards to-
tal system performance as important, called performance
policy. These policies are implemented in the Issue In-
struction Selector (Fig.9).

Two real-time policies are designed. One is that in-
structions of the highest priority thread are issued as much
as possible. Remaining issue slots are used gradually by
the next priority threads. This policy keeps real-time per-
formance and improves system throughput. The other
is that one or a few issue slot(s) is(are) reserved for a
real-time thread. Software (RT-OS) reserves resources for
real-time threads under this policy.

Two performance policies are designed. One is that
four threads whose instructions can be issued are selected,
and four sets of an instruction of each thread are is-
sued. Under this policy, three performance policies are
designed:

1. Four threads are selected based on priority.

2. The priority of the thread that the number of execut-
ing instructions are large is lowered.

3. The priority of the thread executed speculatively by
branch prediction is lowered.

The other is that issue slots are selected by using round
robin without priority.

Instruction issue is shown in Fig.9 as follows:

� Instruction Type Table
keeps analyzed information on decoded instructions
such as whether the instruction is valid, whether the
instruction is fetched based on branch prediction, the
current depth of prediction, whether the instruction is
special. Whenever an instruction is issued, its table
entry is invalidated. If the branch result is decided,
the branch information is stored in the table.

� Instruction Buffers
keep decoded instructions.

� Issue Instruction Selector unit
selects instructions based on the instruction issue
policy.

6.4.3. Interrupt Unit

The RMT Processor integrates many I/O peripherals.
External events are notified by interrupts in embedded
systems. It is very important for real-time systems to
shorten and fix the response time against external events.

Reservation StationThread Table

SelectSelect 1 1 ADD.D 0x7ff0ffff 0x3ff000001 1

1 1 MULT.D 0x10 0x00000100 1

2 3 SUB.S 0x3f800000 0x404e00001 1

2 3 ABS.S 0x02 0x040 0

3 2 ADD.S 0x7f800000 0x7ff003341 1

4 1 MULT.S 0x00000123 0x000001211 1

Thread Priority Operation Operand0 Operand1En En

1 1

3 2
4 1
5 2
6 1
7 0

00

Thread Priority

2 3

Priority

Valid

Priority

Valid

Execution UnitExecution Unit

ExecuteExecution
  Control
    Unit

Fig. 10. Reservation station with priority.

Therefore a special interrupt unit is designed so as to
reduce the interrupt overhead and process interrupts ef-
fectively. Each IRL (Interrupt Level), which is 32-level,
can be assigned to a specific thread that processes the in-
terrupt. This IRL assignment is set to the status register of
each thread. An active thread waked up by an interrupt is
waiting for the interrupt on a context. When an interrupt
occurs, the corresponding active thread begins to run im-
mediately. This dramatically reduces the response time.

6.5. Instruction Execution
6.5.1. Reservation Station

Each execution unit has a reservation station that keeps
operations, operands, thread IDs, and priority (Fig.10).
The priority of an instruction is updated by the thread
control table at each clock cycle. An execution control
unit tests which instruction in the reservation station can
be executed. If multiple instructions can be executed, the
highest priority instruction is selected.

6.5.2. Soft Real-Time Processing

Instruction execution units achieve the high computing
performance required for soft real-time processing such
as image processing. Soft real-time processing data has
enough data parallelism and is processed by the same op-
erations, so the Vector Integer unit (VINT) and Vector FP
unit (VFP) are designed as shown in Fig.1. The latency of
vector operations is hidden effectively by multithreading
in the RMT PU.

6.6. Vector Processing Unit
Figure 11 diagrams a vector processing unit. A vec-

tor control unit calculates the address for accessing to a
vector register, reserving and releasing vector registers,
and processing compound operation instructions. To ex-
ecute vector operations of multiple threads in parallel, a
vector processing unit has two operation pipelines; two
vector execution units share a vector register file. The op-
eration pipeline executes many vector elements at a clock
cycle by multiple operation units. A vector integer unit
processes eight 32-bit elements at a clock cycle. A vector
floating-point unit also processes four 64-bit elements at a
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Fig. 11. Vector processing unit.

Busy Address Mode
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Fig. 12. Format of register status table.

clock cycle. As two integer vector units and two FP vector
units are implemented on RMT PU, sixteen 32-bit integer
elements and eight 64-bit FP elements can be executed
simultaneously at a clock cycle.

6.6.1. Reserving and Releasing Vector Registers

Multiple threads may use a vector register file at a time,
because the RMT PU is a multithreaded processor, so the
shared vector register files among multiple threads that
execute vector operations are implemented on the RMT
PU.

Each thread reserves a part of the vector register file by
a vector register reserve instruction before it executes the
vector operation. The reserved part of the vector register
file is released by a vector register release instruction after
the thread finishes vector operations so that other threads
can reserve the vector register file efficiently and execute
vector operations.

The configuration of a vector register file, such as vec-
tor length and the number of registers, depends on appli-
cations. A thread (application) must assign the suitable
size of vector registers to share a vector register file effi-
ciently.

When each thread reserves a part of the vector regis-
ter file, it specifies the required size and the vector length.
If the specified size of the vector register file can be re-
served, the reserve operation is accepted and part of the
vector register file is assigned to the thread. If the vector
register file remaining is not enough, the reserve operation
fails. The configuration of the vector register file, which
contains the assigned area, the vector length, and the reg-

8length16 8

16length

(a) Register Configuration of 128 Entry

8length32 16

16length

8

32length

(b) Register Configuration of 256 Entry

32

16length

32length

16 8

64length

(c) Register Configuration of 512 Entry

Fig. 13. Vector register file configuration.

ister size, is saved in a register status table (Fig.12).
When a vector operation is executed, the vector control

unit calculates the effective address of the vector register
by using the decoded register ID and the configuration
information in this table.

A vector integer unit has 512-entry 32-bit elements in a
vector integer register file. A vector FP unit has 512-entry
64-bit elements in a vector FP register file. Each thread
shares these 512 elements and executes vector operations.

When a thread reserves part of the vector register file,
it specifies the required register size and vector length. If
variable size is specifiable, transistors used for allocating
logic increase, and fragmentation occurs if many threads
reserve and release vector registers repeatedly. Allocating
units for vector registers are designed so that each thread
must choose from fixed configurations (Fig.13).

The RMT PU prepares two instructions to execute re-
serving and releasing of vector registers. The VRES in-
struction executes reserving part of a vector register file,
and specifies the configuration described previously as an
operand. The VREL instruction executes releasing the re-
served part of the vector register file.

6.6.2. Compound Operation

Many soft real-time applications repeat the same oper-
ations, including the multiply-add operation. The issue
rate of lower priority threads that executes soft real-time
applications may become lower. A compound operation is
designed so that programmers can define a series of vector
operations performed repeatedly. A compound operation,
which is a long latency instruction, executes multiple op-
erations at a time. The number of scalar instructions of the
program is reduced to control vector units and to execute
vector instructions, also increasing vector unit utilisation.
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Fig. 14. RMT Processor layout.

Fig. 15. RMT Processor package.

The priority of many soft real-time threads that use vec-
tor operations is low, because its deadline or cycle time is
longer than that of hard real-time threads that control sen-
sors and actuators, so compound operation improves the
performance of soft real-time threads whose instruction
issue rate is low, because compound operation executes
many vector operations at once, such as whole inner loop.

7. Fabrication

We designed the RMT Processor from front-end to
back-end design, designing and verifying the mask pat-
tern (GDSII). TSMC fabricated the actual chip.

� Manufacturer: TSMC

� Process: 0.13µm CMOS 8-layered Cu wiring

� Gates : 14M

� Voltage:

- Core: 1.0V

- I/O: 2.5V

� Die size: 10.0mm�10.0mm

� Chip size: 4.0cm�4.0cm BGA (Fig.15)

Table 2. Context switch.

Software 590 clocks (save: 277 � restore: 313)
Hardware 4 clocks

Figure 14 shows the RMT Processor layout. Respon-
sive Link II, which has 600kgates, is at upper right. The
RMT PU, which has 6Mgates, is at the center of the chip.

8. Development Environment

We developed cross-development tools including a C
compiler and an assembler based on GNU tools.

These tools are available to the public on our website
[10], together with pamphlets, manuals, circuit diagrams
of control boards, and a boot strap.

9. Evaluation

9.1. Context Switch
We evaluate context switch overhead. The software

context switch means that software (OS) saves a context
to memory and restores a saved context from memory to
the register file. The hardware context switch means that
hardware swaps an active context and a cached context by
the thread swap instruction (SWAPTH instruction) of the
RMT PU. Table 2 shows the costs of the context switch.

The RMT PU provides very fast context switching by
hardware. New operating systems, which are not re-
stricted by the frequency of context switching and whose
tick is very short, will be developed.

9.2. Real-Time Processing
We evaluated real-time processing, using inverse dis-

crete cosine translation (IDCT) as a benchmark program.
Multiple IDCT programs with different priority run on the
RMT PU simultaneously and the same data is used. They
start at the same time in parallel, so the same cache blocks
are accessed by multiple programs at a time – the worst-
case scenario. Fig.16 shows execution time without prior-
ity and Fig.17 execution time with priority. With priority,
Thread 0 has the highest priority, Thread 1 the next high-
est, and Thread 7 the lowest.

Without priority, as the number of threads increases,
thread execution time becomes longer because of resource
conflicts as the number of threads increases. When the
number of threads is one, Thread 0 is executed in 1,100µs.
When the number of threads is eight, Thread 0 is executed
in 2,250µs, so single thread performance falls to half. To-
tal throughput of all threads is improved four times.

With priority, the execution time of Thread 0 that has
the highest priority is almost constant (1,200µs). As the
number of threads increases, there is no change in the ex-
ecution time of Thread 0. Similarly, the execution time of

Journal of Robotics and Mechatronics Vol.17 No.2, 2005 9



Yamasaki, N.

Fig. 16. Execution time without priority.

Fig. 17. Execution time with priority.

threads with other priority is less than a constant time ac-
cording to the given priority. For example, the execution
time of Thread 2 is less than 1,600µs.

A real-time scheduler assigns lower priority to a thread
because its deadline is longer, so the lower priority thread
must wait for the finish of higher priority threads, even if
the lower priority thread is ready to run. Thread 7 that has
the lowest priority is kept waiting on its hardware context
until higher priority threads have finished execution. After
Thread 0,1,2,3 have finished execution, Thread 7 begins
to run simultaneously with other threads including Thread
4,5,6 (Fig.18). These mechanisms for real-time execution
are realized by hardware.

Figure 18 shows the number of instruction executions
per micro-second in eight thread executions with prior-
ity (Fig.17). The execution rate of the highest priority
thread (Thread 0) is highest (1,200times/µs) and the exe-
cution rate of the next highest priority thread (Thread 1)
is slightly lower than that of Thread 0 (1,100times/µs).
Thread 2 runs slower using remaining resources, and
thread 3 also occasionally runs using further remaining
resources. Thread 4,5,6 7 are not almost running at first.
After thread 0 finishes execution, Thread 4 begins to run.

Fig. 18. Real-time execution of each thread with priority.

Fig. 19. Execution time of vector unit with priority.

The RMT PU can execute threads in real-time as shown
in Fig.4. The RMT PU guarantees execution time based
on the given priority.

9.3. Vector Processing Unit

To evaluate vector processing units, we use a pro-
gram that has an IDCT of 8�8 array with scalar op-
erations (Thread1-7) and with vector operation (IDCT
Thread). The configuration of the vector register speci-
fied by the VRES instruction is 128-entry with 8 vector
length. Fig.19 shows the execution time.

Thread 1 has the highest priority among scalar calcu-
lation threads (Thread1-7) and Thread 7 has the lowest
priority. The IDCT Thread is the vector operation thread.
These eight threads are executed at the same time.

Low/middle/high priority (Fig.19) means the vector
IDCT thread has the lowest/middle/highest priority re-
spectively among eight threads. The execution time of
the IDCT thread using the compound operation decreases
compared with no using the compound operation. Scalar
thread performance (Thread0-7) using compound opera-
tion is also improved.
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Table 3. Peak performance of RMT PU.

32bit Scalar Integer 1.2GIPS
64bit Scalar Floating Point 600MFLOPS
32bit Vector Integer 9.6GIPS
64bit Vector Floating Point 4.8GFLOPS
Power Max. 8W

9.4. Peak Performance
Table 3 shows peak performance of the RMT PU. The

RMT PU performs simultaneously using multi-threading.

10. Conclusions

We designed and implemented the RMT Processor for
distributed real-time control. The RMT Processor inte-
grates real-time processing (RMT PU), real-time com-
munication (Responsive Link II), computer peripherals
(DDR SDRAM I/Fs, DMAC, PCI-X, USB2.0, IEEE1394,
etc.), and control peripherals (PWM Generators, Pulse
Counters, etc.) onto a single VLSI chip.

Priority of real-time systems is introduced into all func-
tional units including cache, fetch, and execution mecha-
nisms, so the RMT PU guarantees the real-time execution
of prioritized threads. When the number of threads is less
than or equal to eight and a static real-time scheduling
algorithm is used, the RMT PU executes these threads
in real-time only by hardware, so no software sched-
uler is needed. To execute more threads in real-time by
hardware, the RMT PU has the context cache, reduces
the overhead of context switching, and execute multi-
ple threads in real-time to improve real-time schedulabil-
ity. Vector processing units are designed so that multi-
ple threads shared vector registers efficiently by changing
their configuration. Applying compound operation to the
low priority thread increases vector processing unit uti-
lization.

The main features of the RMT PU are as follows:

� RMT architecture

- Eight simultaneous prioritized thread executions

- Converting the software context switch to RMT
execution by hardware

- Context cache (32 threads)

- Context switching by hardware

- 256-level priority

- Control of all functional units by priority

- Control of threads by hardware in interrupts

- Shared registers for multiple threads

- Synchronization unit for multiple threads

� High-performance vector processors (2-INT, 2-FP)

- Shared vector units by multiple threads

- Flexible compound operations defined by soft-
ware

Flexible real-time processing is achieved by these unique
features.

The RMT Processor guarantees the communication
time of packets with priority given by a real-time sched-
uler by Responsive Link II.

The quantum time (tick) is shortened by these mecha-
nisms. Large-scale distributed real-time systems includ-
ing robots are realized by the RMT Processor.

Since the RMT Processor is very small and easy to con-
nect, it can be easily embedded in the wall, so it is usable
as the controller of office automation, home automation,
factory automation, intelligent buildings, and ubiquitous
computing systems.

We expect the RMT Processor and Responsive Link to
be used widely in many systems.
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