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The implementation of simulator for asynchronous processor and the
study of data hazards
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Abstract

Asynchronous processors have become a
new direction of modern architecture research
these years. To compare the improvement of
different approaches without designing areal
ASIC, we need a code-based simulator. That's
the reason we want to design SimAsync, an
asynchronous processor simulator, for researches
in asynchronous architectures. The simulator
tools are based on SimpleScalar[1], a public
simulator of modern microprocessors, and
contain a complete description of the target
processor architecture, and many details about
the internals of the tools. We also give the
discussion of data hazards related to
asynchronous design.
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1 Introductlon

Asynchronous architectureis a new
research topic in computer architecture. There
are several asynchronous processor prototypes
announced in the past years, but we cannot find
any asynchronous processor simulator for the
study and research. We really need a simulator to
investigate this new architecture and to measure
improvements we are trying to do beforeit is
implemented.

As systems grow increasingly large and
complex, clock can cause big problems with

clock skew. It means a timing delay between
several parts of system and may introduce
logical error. To avoid clock skew, the clock tree
should be placed early and severa routing
algorithms are needed. It increases the difficult
of circuit design and we need more silicon area
in the system so that the cost of each die is
increased, too. It also leads to more power
dissipation and overheating, and this kind of
processors won't be suitable for handing devices
and mobile computing in the modern
applications. However, al of the usua
improvements, the clock skew will be more
serious. There exists some bottleneck in the
synchronous designsin the near future.

To overcome such limitations, computer
architecture researchers are actively considering
asynchronous processor design. Instead of global
clock, in an asynchronous architecture, each
stage communicates with each other by some
protocol. Without globa clock, asynchronous
architecture can permit modular design, exhibits
the average performance of all components
rather than worst-case performance of single
component, and reduced power dissipation [2].

In the ideal situation, asynchronous
processors have the mentioned advantages above.
But in real world, asynchronous designs suffer
from poor performance. Some researches figure
out that some problems, like branch miss penalty
and data dependency, cannot be solved easily in
asynchronous environment.

The power dissipation reduction is not as
good as expected, neither. Because the additional
control logics between each stage aso need
power, the implementation of control logics
should be more refined. On the other hand,
reduce the units needed to process the instruction
can decrease the power consumption, too. To do
this, we need to classify the instruction types and
to refine the control protocol. Shut down the



functional unit when it will not be used recently
isalso a possible solution. But we have to design
an effective way to control the action of shutting
down and waking up.

We design an asynchronous processor
simulator to provide researchers an open general
platform. We believe that through the simulator,
more high quality researches can easily be
achieved.

In order to study various architectures of
asynchronous processors, a software simulator is
needed first. The proposed simulator, SimAsync,
is developed for the reason to provide a genera
architecture for asynchronous processor research.
Following sections contain more information
about the implementation of tool set for the
simulator. In next section, we describe some
related works about asynchronous processors
and SimpleScalar. The design measures are
described in section 3. In section 4, we introduce
SimAsync architecture. In section 5, the
implementation details and verification results
are presented. A brief conclusion and future
work are provided in section 6.

2. Related Work

In this section, we describe some
researches about asynchronous architectures and
some proceeding plans of asynchronous
processors. SimpleScalar, the basis of SimAsync,
isalso included. At the last, we talk about the
difficult problems of designs of asynchronous
processors.
2-1. Micropipelines
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Figure 1: Control signal lines and Data wires between two stages

in micropipeline.

Sutherland[3] described an architecture
named “Micropipelines’, which is an
event-driven  elastic  pipeline.  Sutherland
introduced many event-driven logics and storage
elements. Either rising or faling transition of
signal is called an event and has the same
meaning to circuits. He also announced how
event control the actions of the whole pipeline.
Data transfer between two stages is using
two-phase bundled data interface. First, the
sender puts valid data on data wires and then
produces a “Request” event. After that, the
receiver accepts the data and then produces an
“Acknowledge’ event. Data must be bundled
with the “Request” control line so asto avoid the
error occurs. In Figure 1 and Figure 2, the
stages exchange data with each other through the

protocol.

data
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Acknowledge Z

Figure 2: Two-phase bundled-data communication. Notice that the rising and falling

sides of control signals have the same meaning.

It simply figures out how to use protocol
to control the pipeline instead of traditional
clock. SimAsync can support micropipelines,
and itincreases ILP.

2-2. Micronets

D. K. Arvind et al. [4] defined a model for
decentralising control in asynchronous processor
architectures. Micronets proposed by them
describes how a control unit control distributed
functional units and gain the advantage through
spatial concurrency in microagents within one
stage.

Execution Unit

Shifter H MUL |=|ALU|=|=>

Figure 3: Microagents in the execution unit.

data

Assume an execution unit in a traditional
pipeline. In Figure 3, there are three function
units in the execution unit: shifter, multiplier and
ALU. In Figure 4, there are two types of
instructions. Instructions of Type A needs only
the shifter and the ALU, called set 1, to complete
their calculation. And instructions of Type B
needsthem all, called set 2.

data ||

Shifter ALU] 2

data
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Figure 4: Two sets of microagents needed by two instructions, respectively.

In traditional clock-driven pipeline, the
clock rate is determined by the slowest stage,
usualy the execution unit. Other stages which
finish their work early have to wait until the
sowest stage finish its job. See the pipeline part
in Figure 5, it wastes too much time in waiting
under clock-driven pipeline.

In  micropipeline, the stages are
event-driven, and it never needs a global clock.
Each stage finishes its job and then starts next
job as early as possible. Sometimes a stage needs
to wait until the FIFOs have empty dlots. See the
micropipéeline part in Figure 5, however, if the
time each stage needs is fixed, the performance
will be limited by the slowest stage, too.
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Figure 5: Time diagram of pipeline, micropipeline and micronet. Assume that each
type of microagent has only one unit.
Microagents, announced in micronets,

mean that each function unit in each stage can
communicate with other function unit.
Instructions do not have to waste time in
microagents they don’'t need. So when Type A
instructions are executed, they only need set 1
function units in execution unit. Similarly, Type
B ingtructions need set 2 only. Control unit
simply keeps the occupancy of each microagent
and issues next instruction when its microagents
are al free. In micronets, we will gain the
benefit from multiple function units. In this case,
if we have two shifters and two ALUs, we can
issue Type A instructions without waiting. See
the micronet part in Figure 5, it is the mean to
improve ILP in asynchronous architectures.

This release of SimAsync can't support
micronet but we support multiple function units.
2-3. AMULET [5, 6,7, 8, 9]

AMULET, developed in the University of
Manchester, actually is the most famous plan of
implementation  of  asynchronous ARM
architectures. The first release of AMULET is
announced in 1994. This release proved the
possibility to design an asynchronous processor.
And this design method indeed provides the
advantage that it can be implemented modularly.

On the other hand, AMULET 1 was
suffered from the poor performance. Compared
with the similar synchronous design, ARM 6,
AMULET 1 needs more transistors and
completes the benchmark programs slower and
the worst, consumes more power. After some
reasonable analysis, they believed that data
dependency is the major part to influence the
performance. In AMULET 1, when data
dependency occurs, they simply stall the register
access through locking the destination register.
The locking mechanism offered nothing to
improve performance. To attain better operation
ability, we need some algorithms like result
forwarding to solve the data dependency. It is
nature in synchronous designs but hard in
asynchronous environment. Many related
researches are still in progress. Thisis one of the

reasons we want to design an asynchronous
processor simulator. If we simulate the design
before implementing, we can realize that locking
mechanism is not suitable for asynchronous
designs, and we can save the efforts.

To reduce the gate count, AMULET 1
research group have to improve latch circuits
and change the communication protocol to
four-phase bundled-data communication can be
helpful to simplify the design. Figure 6 shows
timing diagram of this design.
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Figure 6: Four-phase data-bundled communication used by AMULET 2. Notice that
we need to restore the control signals to the steady state after data transfer.

After these improvements, AMULET 2
indeed achieved the similar performance level of
synchronous designs. To compare with ARM
810, using the same CMOS process, AMULET 2
has better power efficiency. The latest version of
AMULET isrelease 3.

2-4. SimpleScalar

SimpleScalar[1] is a simulation tool set
that offers both detailed and high-performance
simulation of modern microporcessors. It is
based on MIPSIV architecture, written in C
language, and supports most platforms
(Linux/Win32/Unix/FreeBSD!/.....).

SimpleScaler defines its own instruction
set. The tool set also provide debugger, compiler,
and pipeline status recorder. There are five
execution-driven processor simulators in the tool
set. Range from an extremely fast functional
simulator to detailed, out-of-order issue,
superscalar processor simulator that supports
non-blocking caches and speculative execution.
It is a load/store and two-source architecture.
Only load/store instructions can access memory
directly and there are at most two source
operands for each instruction. It also defines
both little-endian and big-endian versions of the
architecture, so researchers can use the version
that matches the endianess of any given host
machine.

2-5. Arduous Problems of Asynchronous
Processor s Designs

In this section, we will discuss some
difficult problemsin asynchronous systems.
Some of them have a general solution, and
others still need better solutions.

2-5-1. Branching [2]

Whether asynchronous or not, processors
can reduce the branch penalty by one of five
techniques: locking the pipeline, predict
not-taken, predict taken, a branch prediction



algorithm, or delay dlots.

To flush the mis-prefetch instructionsis
easy in synchronous processors, because the
branch delay is fixed and known. However, in
asynchronous processors, we have no idea about
how many instructions fetched after the branch
since the fetch unit fetch as many instruction as
it could before the mis-prediction.

One technique to solve the problem isto
bundle a“color-hit” with each fetched
instruction. All instructions have the same color
until a branch encountered. At this point, the
color changed and successive instructions have
the different color. When mis-predictionis
happened, the instructions which that have the
wrong color are simply moved from the pipeline
such that we will not commit the mis-prefetched
instructions.

In our smulator, we simply flush all
instructions succeed the mis-predicted branch.
2-5-2. Exception or Interrupt Handling [2]

Hardware interrupts occur at random with
internal control operations of the processors.
Therefore, a metastability problem will be
happened. In synchronous processors, the
metastability is nearly eliminated through a
series of flip-flops that the global clock regulates.
However, the metastability is still never entirely
eliminated from synchronous systems and the
possibility increases with the clock frequency.

In asynchronous processors, the
metastablity may be worse because there is no
global clock to synchronize each functional unit
[9]. We cannot know precise status of each
functional unit when a hardware interrupt
happened. What is lucky is that the nature of the
asynchronous designsis easy to handle the
interrupt processing mechanism. More design
issues should be concerned as considering the
interrupt handling.

We don't support the exception handling in
this release of our simulator.

2-5-3. Data Forwarding

As we know, the register locking
mechanism cannot make the performance better.
We need some procedures like data forwarding
to reduce the time to wait until the source data
available. Naturally, data forwarding have to
compare the destination register in the commit
stage and the source registersin the decode stage.
If the names are the same, data can be forwarded
to the decode stage. However, “comparison”
means that synchronization is needed between
the two stages. It will increase the complexity of
pipeline controls. Other algorithms, like
scoreboard and reorder buffer, may be work. We
still need to consider the complexity of
implementation  the  agorithms. More
investigations are needed to improve the
solution.

In SimAsync, we try to solve this problem
with a reorder buffer. This tria is just to provide
a method and to implement it needs more
analysis.

2-5-4. Communication with Off-chip Memory

In synchronous systems, there is a global
clock inside the core chip. Thus communication
with off-chip memory is straightforward through
a frequency divider. In asynchronous systems,
arbitration or synchronization is needed to
communicate with the off-chip memory with a
fixed frequency. Synchronization means that the
faster unit must slow down to wait the sower
unit. It is clear that synchronization is not an
efficient solution since it will influence the
performance. However, arbitration is not always
reliable so that many mechanisms need to be
implemented to make sure that the failure is
rarely to happen. To design an arbiter whose
probability of failure is enough low to be
unimportant will be a hot issue.

We ignore this problem when implement
our simulator.

3. Design of the Simulator
In Figure 7, the expected architecture is
shown.

| Memory
Hierarchy

Fetch Dispatch Issue Commit
Stage Stage Stage Stage

Register
Bank

Figure 7: The architecture which we want to design. There are four
stages and only the fetch stage and the issue stage will access
the memory hierarchy.

Asagenera architecture, we design a
pipeline structure, except that communications
between stages are event-driven instead of

clock-driven.

SPEC Prog.
Code

:II Tost Simulator
T I [
Figure 8: The tool set of a simulator. The shadowed ones are those we need
to complement to run the test programs.

The Simulator itself is simply compiled by
a normal compiler (for example, gec). The tool
set needed to run benchmark is shown in Figure
8, indicated by shadow. The inputs of the loader
are the executable file and the test program input.
A configuration of the simulator input into the
simulator, too (We will talk about this in the



succeeding section). And the simulator should
produce some readabl e, reasonable results.

In order to make the simulator easy to use,
some other tools are needed. For example, if we
can dump the status of each stage at any
designate time. We make sure that we process
the instructions exactly correctly.

3-1. Measure Performance Correctly

The most important of a simulator isthat it
must provide outputs about performance. To
simulate an asynchronous processor, the power
dissipation is also an important data.

We should collect most of the important
statistics and try to measure them reasonable
throughout the simulation. Only when the
simulation results are nearly the same asthose in
real world, the simulator can be trustable.

In our simulator, we can simulate the
execution time, but simulation of power
dissipation is not supported.

3-2. Architected Parameters

The simulator should provide some
flexibility. To make the researchers make their
own simulators more easily, some parameters of
the architecture can be adjusted in our design.

We hope the architected parameters can be
written in a configuration file with some formats
defined in advance.

The architected parameters should have
default values. A parameter will equals to its
default value when it is absent from the
configuration file. The configuration also can be
dumped into afile after simulation to be alog.
3-3. Concluding Remarks

An asynchronous processor simulator as
we expect is hardly to implement, so that we try
to find a suitable simulator as a foundation.
Amulet has its own simulation tool, indeed. But
that oneisin circuit level but not in behavior
level.

ARM also provide a code-based simulator
inits develop kit, called ARMulator. But it costs
more than our budget.

Luckily, there exists a simulator tool set fit
our expectation almost. SimpleScalar [1],
developed by University of Wisconsin-Madison,
isafreetool set for synchronous processor
simulation. It is based on MIPS-1V architecture
and flexible in most of its structure. It also
provides a complete tool set and iswell
documented. Although it mainly simulates the
synchronous processors, with some
modifications we can fit it for the asynchronous
design. In order to reduce the effort of
development, we use SimpleScalar asa
foundation and rewrite it to be an asynchronous
processor simulator.

We can focus on the simulator itself rather
than other tools. To reach our goal, firstly, we
need design a method to measure the simulation

time. Although SimpleScalar’s target machine is
synchronous, we can consider the timestamps
carefully such that it seems to be asynchronous.
Secondly, we should add some architected
parameters so that we can measure the more
precise time. Finally, we should run some
benchmarks to make sure that it really works.

4. Architecture of the Simulator

In this section, we will introduce the
architecture of the asynchronous processor
simulator. A detailed figure of the architecture
will be listed at the end of this section.
4-1. Overview of SimAsync Architecture

The SimAsync architecture is derived
from the SimpleScalar architecture. Their
instruction set architectures are all based on
MIPS-1V ISA and are a superset of MIPS with
several notable differences and additions [1].
First, there are no architected delay dlots.
Secondly, loads and stores support two
addressing modes for all datatypesin addition to
those found in the MIPS architecture. These are
indexed (register + register) and
auto-increment/decrement.  Third, there is a
sguare-root instruction implements both single
and double precision floating point square roots.
Finaly, the instruction encoding uses 64-hit
extended encoding.

16-annote 16-opcode 8-rs 8-rt &rd S-ru/shamt
Register format: I I | I
63

3231 0
16-annote 16-opcode 8rs 8-rt 16-imm
Immediate format: | | |
63 3231 0
16-annots 1 nu: 26-ta
Jump format:
3231 0

Figure 9: Three instruction formats that SimAsync supports.

Three instruction formats are supported.
They are register, immediate, and jump formats.
(seeFigure9)

Like traditional pipelines, instructions are
fetched by fetch unit, decoded and dispatched in
dispatch unit, evaluated in execute unit, and then
retired in commit unit.

Figure 10 describes the overview of
SimAsync architecture. It looks like the general
structure of synchronous processor, but we know
that the communications are using protocols
instead of clocks. The details of each unit will be
discussed in following sections.
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Figure 10: SimAsync architecture overview. The commit stage will issue
“Store” operation. And the communications between stages are
using protocols instead of global clock.
4-2. Memory Hierarchy
Fetch Issue Commit
Stage Stage Stage
. =
I-Cache 1-TLRB]| D-Cache D-TLB|
aL1) (DL1)

I-Cache
aL2)

D-Cache
(DL.2)

Virtual Memory

Memory Hierarchy

Figure 11: Memory hierarchy in SimAsync architecture.
The whole hierarchy can be adjusted by setting
parameters in the configuration file.

The details of SimAsync memory
hierarchy are described in Figure 11[1]. The
architecture of cache system and TLBs are
adjustable. The characteristics can be adjusted
by changing parameters just meets our
expectancy.

4-3. Fetch Unit

Memory
Hierarchy
Iy

PC instruction
Yy

' T T T 11
Braf"’" Instructions Fetch Queue
Predlciorl |
INC 4+
Fetch Stage
Commit
Stage Stage

Figure 12: The fetch unit in SimAsync architecture. The size of instruction
fetch queue is varied with the parameter.

The details of fetch stage are shown in
Figure 12. The main job of the fetch unit is to
fetch instructions from instruction cache. The
instruction address is determined by program
count (PC, its initial value is determined by the
loader). The fetch width is an architected
parameter. It is determined by the product of the
decode width of the dispatch stage and the speed
of front-end of machine relative to execution
core. The cycle time of the fetch unit is
adjustable, too. If a cache miss is happened, no
matter a pure cache miss or a TLB page fault,
the fetch unit will end its job and stall until the
miss solved.

In order to reduce the control penalty, we

need a branch predictor. If mis-prediction is
happened, or any statistics are needed, the status
of branch predictor will be updated in the
commit stage. The default branch predict
algorithm isto predict non-taken.

After the instructions are fetched, they are
stored in the instruction fetch queue, which will
be accessed by the dispatch unit afterward. Its
sizeisalso adjustable.

4-4. Dispatch Unit

Instructions Fetch Queue

Ll Decoder |<
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L
Register Update Unit
11 1 1 11

Issue
Stage

Load/Store Queue

Dispaich Stage

Register
Bank

Figure 13: The dispatch unit in SimAsyne architecture. We will save the
information of data dependency in the register update unit
and load/store queue.

Figure 13 shows the details of the dispatch
stage. Before being executed, the instructions
have to be decoded. The dispatch unit decodes
the instructions, request register value from
register bank and then saves the decoded
instructions into buffer.

The decoder receives an instruction from
instruction fetch queue, decodes the instruction
and then requests the register values needed
from register bank. Whenever input data
dependency is solved or not, the decoded
instruction will be send into the register update
unit (RUU) with the information of data
dependency. The decoder also records the output
dependency of the instruction in arename table.

The decode width is an architected
parameter. The cycle time of the dispatch unit
can be adjusted, too. Of course, the size of RUU
and LSQ are also architected parameters.

The structure of each RUU element is
described in Figure 14. And the structure of
each LSQ isshow in Figure 15.

W alid Taz W alue
Source < =
W alid Tagz WV aluc
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Figure 14: L'he structure of one RUU element.
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Figure 15: I'he structure of one LSO clement.
The address feld is the result of the
additional address computation operation.

4-5, |ssue Unit



Register Update Unit I“
rTT1T 171771
Load/Store Queue

}S:hedulerl—’l Ready Queue |—|

Commit
Stage

FP-ALU

M

Y
Hierarchy

Issue Stage
Figure 16: The issue unit in SimAsync architecture. The number of each resource
type can be set by configuration, at least one.

The main function of the issue unit isto
execute instructions. The details of the issue unit
are shown in Figure 16. The scheduler receives
decoded instructions from RUU and L SQ,
checks the data dependency is solved or not. If
the data dependency is already solved, the
scheduler put the instruction into the ready
gueue for the next step. If the in-order issue
simulator is used, and the data dependency has
not been solved, the issue stage will end itsjob
and try to issue the hazard instruction next time.
If the out-order issue simulator is used, the
hazard instruction will be inserted back into the
RUU / LSQ, and then the scheduler will check
the next instruction continuoudly.

After scheduling, the issue unit gets those
ready instructions from the ready queue. The
issue unit request the functional unit needed by
the instruction. The issue width, the number and
latency of each functional unit type can be
adjusted by the architected parameters. And keep
in mind that the latency of floating point unitsis
usually one hundred times of the latency of
integer units.

4-6. Commit Unit
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Figure 17: T'he commit unit in SimAsync architecture.

The Store operation is issued in this stage.

The final stage—the commit stage—is
described in Figure 17. First, the completed
instructions are received from the event queue.
The commit unit writes the result back to the
register bank, including the value load from
memory. If abranch mis-predictionis
encountered, the commit unit will send the
correct PC value to the fetch unit to fix the
program flow, and then update the branch
predictor status. The commit unit also refreshes
the rename table to make certain data
dependency solved.

Store instruction is processing in this stage, too.

The stored value is sent to memory at this
moment.

After that, the valid, completed
instructions will be committed. The commit unit
will commit these changes in register bank and
memory system. If there are invalid instructions
(for example, wrong pre-fetch instructions), the
commit unit retires these instructions directly
without change the machine status. After the
instructions are committed, the occupied RUU /
LSQ element will be free.

The commit unit will also free the
functional units which that complete their job.
The commit width is another architected
parameter.

The overall detailed architecture is shown
in next page. Each stage is indicated by a dotted
sguare with its name. Although the SimpleScalar
architecture is not totally the same as our design,
it reduces our develop effort very much and the
differences can be accepted.
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Figure 18: The details of SimAsync architecture.

5. Implementation and Verification

Results

In this section, we will discuss the details
of implementation of the smulators and provide
some verification results.
5-1 M easure the Execution Time

A simulator should be able to provide the
information of execution time. We need to
consider how to measure the execution time. In
order to carry it out, we explain the measuring
rules step by step.
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Figure 19: Normally increasing timestamps. The rectangles indicate
the buffers between each stage. Before action. the stage will
fetch information from the buffer, and when it finish its job.
it will insert information into the successive buffer.

Aswe mentioned before, the architecture
simply dividein to four stages. They are Fetch,
Dispatch, Issue, and Commit. Assume one cycle
spends one nero-second (ns). We keep track of
the timestamp of each stage and the initial values
of them are all zero. We check every stage per
event in reverse order to vanish the inter-stage
synchronization. The reverse order can help us
to reduce some design effort. If some stage
finishesits work, its timestamp will be increased
of its processing time.

Figure 19 describes the normal case. The
number inside each processing segment indicates
the order of timestamp’s changes. Natice that we
may change the timestamp more than once per
check. It is nature that each stage should act as
many times as it could. We can reduce the
inaccuracy through this way. The white arrow
indicates a delay is happened and we explain it
in the next section.

Sometimes the timestamps can be
increased normally, because in nature the stages
have to stall until they can work. There are
several cases that the timestamp have to be
stalled.

Successive Queue

g Stage —

Figure 20: The stage cannot be active since the prior queue is empty. After the

prior stage produces results, the current stage can continue its job.

Figure 20 shows the first case. Assume
there is a stage with prior and successive queues,
which used to be a buffer. When the prior queue
is empty, no matter what status the successive
gueue is, the current stage has nothing to do.
Thus the current stage will stall and must wait
until the prior stage produces some new inputs
into the prior queue. With the new inputs, the
current stage has new job to do. In this case, the
timestamp of the current stage will be set as the
timestamp after the prior stage produces results.
Recall Figure 19, we see that the queues are al
empty initially and the timestamps of back-end
stages are set as the time that the prior stage
completes its work. The timestamps setting is

shownin Figure 21.

IF IS CcT

&

¥

Figure 21: Stall when the prior buffer is empty. The dotted white
double arrow means that we set the timestamp of current

stage as the prior stage when it finishs its work.

Another case is described in Figure 22.
When the successive queue of the current stage
is full, no matter what status the prior queue is,
the current stage will stall. Because there is no
empty slot for new output to insert. The current
stage will stall until there is an empty space in
the successive queue, that means the next stage
consume the data in the successive queue. In this
case, the current stage must wait until the next
stage done its job and keeps on work afterwards.
In this case, the timestamp of the current stage
will be set as the timestamp after the successive
stage consume something from queue.

| LI rrrriri
Stage Successive Queue

Figure 22: The stage cannot be active since the successive queue is full. The stage
can continue its job after the successive stage consumes some data from the

successive queue.
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Figure 23: The timestamps when successive queue is full.
Notice that the fetch stage is stall and restart from

where the dispatch stage completes irs job

See Figure 23, the dotted white double
arrow shows that the fetch stage is stall at the
third check. And when the fourth, the dispatch
stage produces empty dotsin the buffer and then
set the timestamp of the fetch stage. Afterwards,
the fetch stage can continue its job.

There are still other cases that the
timestamp has to stall. The usual processing time
of the fetch stage is determined by the hit time of
the level one cache, but it hasto stall when a
cache missis happened. The fetch stage will stall
until the cache missrecover. Thiscaseis
happened in the issue stage and the commit stage,
too.



When amis-prediction branch is
committed, there is something to do. As Figure
24 describes, we have to reset the timestamp of
the fetch stage to the end of the commit stage. It
indicates that the new PC changes the program
flow and the fetch stage begins to fetch the
correct instructions. The dotted white double
arrow in Figure 24 describes the correction we
do.
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Figure 24: Reset the timestamp of the fetch stage

when mis-prediction.

We have developed several major rules
about measuring the execution time. Besides,
there are still some details need attention. Firstly,
we recall that the processing time of each stage
can be adjusted by configuration. In our
simulation, the processing time of the dispatch
stageisfixed. But others are varied with the
situations the stages meet. In the fetch stage, as
we mentioned, the processing time equalsto the
level one cache hit time usually. But sometimes,
when a cache miss or a page fault is happened, it
will be equal to the cache misstime or the TLB
misstime. In the issue stage, if there are still
empty function units, the processing time will be
the processing time of the issue stage. Figure 25
describes this situation. The processing time of
the issue stage is a composite of the issue time
and the functional unit latency. Theissuetimeis
indicated by a straight line and the functional
unit isindicated by a dotted line. We can issue
next instruction after the issue time passes.
However, when there is no free function unit for
the next instruction, the processing time will be
the earliest finish time the specific type of
function units. In the commit stage, because it
processes the store instruction, it needs to
consider the miss recovering time, too. When no
missis happened, the processing time of the
commit stage will be the time the commit
processing needs.
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Figure 25: Issue instructions as early as it could.

We also keep the timestamp within each
individual instruction. Thistimestamp is used as
double check. We can sure that each stage only
processes an instruction when it is ready. See the
commit stage in Figure 25, the commit stage
commit executed instructions only when they are
ready at that time.

Since we can set all the architected
parameter of processing time, we can get more
precise simulation results through set the more
practical parameters. According to consider each
timestamp carefully, we can get the reasonable
results.

5-2. Count the Data Dependency

In order to study how serious the data
dependency will be. We also keep track of the
number of dependency. Aswe mentioned before,
there is a scoreboard to keep the status of the
register bank. It records which instruction will
attempt to modify the specific register. Before
the issue unit issues an instruction, it checks the
scoreboard first. If all source registers of the
current instruction are ready, there is no data
dependency. But if some of the sources are
recorded as “lock”, it means that some previous
instruction needs to modified it do not complete
itsjob. In this case, the number of locked
instruction will be increased. If the smulator is
inin-order issue mode, the current instruction
cannot be issued until the data dependency is
solved.

5-3. Benchmark
Table 1 is the list of the benchmarks we

used in our paper. And Table 2 is the
characteristic of these benchmarks.
Benchmark
|Application Deseription
(124 mB88ksima A chip simulator for the Motorola 82100 microprocessor
126.gee [Based on the GNU C compiler version 2.5.3
129 compress [ in-memor jon of the common UMY tility
13 0ijpes Trnage comy COMUEssion on in-memory images
134, perl [ An interpreter £ he Per language
Table 1: SPECSS benchmarks
Benchmark
B oc hasark Lo vuntt Instruction nummber
124 i |crlorass ATES1223
126.moc coop.i Z2EITA4 TS0
129 compress [1est in 25683427
LR ijpes scrabbl.in ADAE16T]
134 perl Penguin, ppan G021 3E497]
Table 2: Characteristics of the benchmarks



5-4. Simulator Settings

Before running the benchmarks, we have
to decide al architected parameters. We set our
simulator into three modes, they are in-order
issue, out-of-order issue, and multiple function
units (MFU). Asthe simulator isin in-order
issue mode, it cannot issue the next instruction
when the current instruction suffers from data
dependency. We can get information about how
serious the data dependency is through the
in-order issue mode. In the out-of-order issue
mode, the next instruction can be issued whether
the current instruction is ‘locked’ or not. Of
course, the instructions are committed in order.
We ‘hide’' the delay of data dependency with the
out-of-order issue mechanism. We hope to
consider if it isworth to solve the problem with
the mechanism. Usually, to use multiple function
unitsis the popular way to improve the
performance of the processors. We simply
increase the number of function units of the
issue stage to see if the MFU can improve the
performance of the asynchronous processors.

We will list the different architected
parameters of the three modes (Table 3) and
following is the common parameters (Table 4).

Parameter D¥ectpion in-order |out-of-order MFU
names issue issue
issue @ inordetfrun pipeline with in-order issue  |[TRUE FALSE FALSE
total number of integer ALL's | | 4
Jres - ialu Javailable
total number of integer | N
Jres @ imult ier/dividers available
total number of memory system | o 4
jres & memport|ports available {to CPL)
total number of floating point o
Jres < fpalu |ALU's available B
total number of floating point |
Jres & fprult  |multiplier/dividers available

Table 3: The different parameters of the three running modes.

11

(Parameter
Description value
names
fetch : flime  |fetch unit time (in cvcle) |
ldecode © dtime |decode unit time {in cycle) 2
issue :© itime  |issue unit time when issue nothing (in cycle) 2
jcommit : ctime |eommit unit time (in cycle) 2
Jres - ialutine integer ALU time (in cycle) 2
Res integer multiplier/dividers time (in cycle) 15
Res @ fpalutime [(loating point ALU time (in cyele) 200
Ires @ fpmulttime{oating point multiplier/dividers time (in cycle) 1500
fetch : mplat  Jextra branch mis-prediction latency 1
fetch - speed  [speed of front-end of mache relative 1o execution core |2
(decode : width |instruction decode B/W (insts/cycle) i
issue : width  Jinstruction issue BI'W (insts/cyele) i
lcomemit @ width|instruction commit B/W {insts/cycle) i
fetch : ifgsize  |instruction fetch queue size (in insts) u
lruw : size register update unit {RUU) size 16
lsq : size loadistore queue [LS()) size i
bpred branch predictor type nottaken
lcache @ dil 11 data cache config .
. dll:128:32:4:1
(<name> <nsets> <bgize> <assoc> <repl=})
lcache : dillat |11 data cache hit latency (in cycle) 1
lcache : di2 12 data cache config
X ul2 : 1024 :64:4 1
(<name> <psets> <bsize> <assoc> <repl>})
lcache : di2lat |12 data cache hit latency (in cycle) i
lcache : il 11 instruction cache config o
o il 512:32:1:1
(<name> <nsets> <bsize> <assoc> <repl=})
jcache = illlat |11 instruction cache hit latency (in cyele) 1
lcache @ il2 12 instruction cache config dl2
lcache - il2lat |12 instruction cache hit latency (in cycle) o
merm - lat memory access latency (<first_chunk> <inter_chunk>]18 2
mem : width  |memory access bus width {in bytes) i
[t = il instruction TLB config i
X itlby < 16 : 4096 -4+ 1
[(<name> <nsets> <psize> <assoc> <repl=)
It - dilly data TLB config
i X dtlb - 32 : 4096 : 4 ¢
[(<name> <nsets> <psize> <assoc> <repl>})
[t : lat inst/data TLB miss latency {in cycle) 30

Table 4: The common parameters of the three running modes.

Notice that we use the uniform level 2
cache.

5-5. Verification Results

As we mentioned before, we run the
benchmarks in the in-order issue mode to study
the problem of data dependency. We count not
only the ‘locked instructions but also the
executed and committed ones. An instruction is
executed when the issue unit issues it. But it
does not mean that the execution is correct.
Whenever a branch mis-prediction or an
unconditional jump or an interrupt is happened,
the pre-executed instruction will be retired
directly. Only when an instruction is committed,
the execution is correct. An instruction is called
“committed” when it is committed by the
commit unit. That's why the execution
instruction count is aways larger than the
committed instruction count.

Before an instruction is executed, it must
be dispatched. Thus the delay of data
dependency influences the performance in early
stage of the pipeline. In Table 5 we can see the
ratio of the locked instruction count to the
executed instruction count, too. They all range
from 50% to 65%, and that is really a high ratio.
We can redlize that the data dependency does
impact the performance very much and we
should try to solve the serious problem in
reasonable algorithms.



We also notice that the committed data dependency is hidden and the performance

instruction count is the same as the count in the is better than an in-order issued one. The
original synchronous processor simulator. That difference of simulation time of the in-order
means our simulator is correct logically, and we issue mode and out-of-order issue mode can be
still have to verify correctness of the simulation treated as the delay of data dependency. We
time. should still try to study a suitable algorithm, like
Table 5 isthe statistics of the three kinds data forward, to eliminate the delay indeed.
of ingtruction count of the benchmarks. And Second, MFU indeed improve the performance,
Figure 26 is the graphic description of this even our simulator is asynchronous. But the
statistics. main improvement is come from the out-of-issue.
Third, the running time can be just areference,
b because the critical time of each unit is not
Instruction count 88ksim  jcompress [perl  lnee iipes drawn from the real world. We certainly can get

1426831

lexecuted instruction eount 77902123
|Committed instruction count |’

amore believable result through setting the
architected parameters based on simulation
results of the EDA tools.

Table 6 isthe running results and the
improvement ratio of each mode. Figure 27
describes the running results.

Locked instruction count 589220 26475434 31050449 1945021 3R918040
Locked/exeeuted ratio 52E6% 981%  |6284%  |3940% 6242%

Table 5: The executed, committed, locked instruction count.

Benchmark

ing Mode

JA. in-order

B. out-of-order

m L MFU

B/A improvement

I(B improvement]’. 137 16.39% .03 % 5,80 F

20.38% 23.10% 30.91% 124.90% 22.86%

pr
Table 6: The running time {in ns) of three modes and the improvement of each mode,
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Table 6 isthe statistics of the simulation
results of the benchmarks. We run the programs
in three modes. The results are simulation time
(in ns). The simulation time is calcul ated by
keeping track of timestamp of each stage and £ & 2 =
follows the rules we have discussed in previous £ B
section. ) e

We notice that the trend of the execution Figmre
time of the three modes meets our expectancy.
We also ran the same benchmarks by setting all
parameters double. We got the simulation results
almost double as original ones. Since we have
verified the measuring rules with some small
cases and we have the correct trend, we can say
that the simulation result is very close to correct.
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The two running results can be used to
prove that the asynchronous processor simulator
iswork. Since we have verified the correctness
of the logicality and the time simulation is near
to be correct, the reliability of the simulator is

We can realize some important facts from good enough.
the resullts, too. Firstly, if an asynchronous )
processor is out-of-order issued, the delay of 6. Conclusion and Future Work

12
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In this paper, we design and implement a
wanted simulator of asynchronous processors.
Because the efforts of implementation, we
design this simulator based on SimpleScalar and
carefully think about how to maintain the
timestamps of each stage. We aso count the
number of data dependency and can be helpful
to the researches of solve the data hazard. This
free tool set can be used to investigate the
problems of the asynchronous architecture.

With this ssimulator, we can study some
guestions about the asynchronous architecture.
To improve the performance, we should solve
the difficulty of data forwarding. We also can
study the arbitration of core processor and
off-chip memory. The high power efficiency is
the advantage of asynchronous design. We can
trace the power usage and design the architecture
using less power.

To be a complete simulator, SimAsync still
has many things to do. For example, the
execution time of ALU should be data dependent.
We can make the design of the simulator to be
more modular, such that the variable execution
time can be simulated in our simulator. And then
we can supports micronets after well defining
the instruction types and microagents they will
need.
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