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Efficient and Flexible Embedded Systems
and Datapath Components

Magnus Sjilander

Division of Computer Engineering, Chalmers University of Technology

ABSTRACT

The comfort of our daily lives has come to rely on a vast number of em-
bedded systems, such as mobile phones, anti-spin systems for cars, and high-
definition video. To improve the end-user experience at often stringent require-
ments, in terms of high performance, low power dissipation, and low cost,
makes these systems complex and nontrivial to design.

This thesis addresses design challenges in three different areas of embedded
systems. The presented FlexCore processor intends to improve the programma-
bility of heterogeneous embedded systems while maintaining the performance
of application-specific accelerators. This is achieved by integrating accelerators
into the datapath of a general-purpose processor in combination with a wide
control word consisting of all control signals in a FlexCore’s datapath. Further-
more, a FlexCore processor utilizes a flexible interconnect, which together with
the expressiveness of the wide control word improves its performance.

When designing new embedded systems it is important to have efficient
components to build from. Arithmetic circuits are especially important, since
they are extensively used in all applications. In particular, integer multipliers
present big design challenges. The proposed twin-precision technique makes it
possible to improve both throughput and power of conventional integer multipli-
ers, when computing narrow-width multiplications. The thesis also shows that
the Baugh-Wooley algorithm is more suitable for hardware implementations of
signed integer multipliers than the commonly used modified-Booth algorithm.

A multi-core architecture is a common design choice when a single-core
architecture cannot deliver sufficient performance. However, multi-core archi-
tectures introduce their own design challenges, such as scheduling applications
onto several cores. This thesis presents a novel task management unit, which
offloads task scheduling from the conventional cores of a multi-core system,
thus improving both performance and power efficiency of the system.

This thesis proposes novel solutions to a number of relevant issues that need
to be addressed when designing embedded systems.
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Introduction

Our modern lifestyle depends on a wide range of functionalities that are pro-
vided by numerous embedded systems, such as the fuel injection system of
combustion engines, home entertainment systems, and mobile devices. More-
over, there is a general trend towards increasing numbers of embedded systems
in our daily lives and in order to meet customer demands, these systems tend to
become increasingly more complex with each new generation.

The strive towards higher performance and more functionality in combina-
tion with stringent requirements makes general-purpose processors unsuitable
for embedded systems. A high-end general-purpose processor tends to have
excessively high power dissipation requirements, which would quickly drain
the battery of a mobile device and would require costly parts for cooling. A
common design practice used to achieve required performance at low power
and small area is to design heterogeneous system-on-chips, where specialized
hardware accelerators are controlled by one or more embedded microproces-



2 INTRODUCTION

sors, such as an ARM core [1]. However, designing heterogeneous system-on-
chips, which are flexible and can cater for new applications that are not within
the original set of targeted applications, is difficult and require great engineer-
ing efforts. Application Specific Instruction-set Processors (ASIPs), such as
Tensillica’s Xtensa family [2], try to combine the performance benefits from
heterogeneous system-on-chips with the flexibility of general-purpose proces-
sors. An ASIP is generally based on a small general-purpose processor with a
limited instruction set, to which application-specific instructions are added. In-
structions can be added by combining several conventional instructions into one
new instruction, so called instruction-fusion, or by adding specialized hardware
accelerators to the datapath of the processor. By introducing accelerators into
the instruction set of the processor a homogeneous interface to the hardware
is created. This allows for the use of a conventional software tool-flow, where
specific hardware accelerators can be accessed through assembler instructions
or by software macros in high-level languages. However, a disadvantage with
an adaptable instruction set is that applications might not be binary compatible

between different architectural implementations and need to be recompiled.

This thesis presents the FlexCore processor, which is based on the ideas
of the FlexSoC [3] approach on how to build embedded systems. The Flex-
Core processor combines the flexibility of general-purpose processors with the
performance of specialized hardware accelerator units. This is achieved by inte-
grating hardware accelerators into the datapath of a general-purpose processor.
In contrast to conventional processors and ASIPs, a FlexCore processor does
not have a conventional instruction set, where an instruction controls a set of
pipeline stages over several clock cycles. A FlexCore processor instead has a
wide control word that controls the whole datapath for a single clock cycle. The
wide control word consists of all control signals to all units and the interconnect
in the FlexCore datapath. A datapath unit can in this case be anything from a
register to some specialized hardware accelerator. Moving away from a con-
ventional instruction set to an architecture with a wide control word, which is
exposed to the compiler/programmer, gives an application detailed control of
the hardware. The increased controllability has earlier been shown to improve
a datapath’s performance [4, 5].



The interconnect of a FlexCore processor is, in the early stage of the proces-
sor development, a fully connected crossbar switch that connects the different
datapath units. The flexible interconnect together with an easily extendable
control word make it extremely easy to add new datapath units to a FlexCore
processor. The required input and output ports are added to the interconnect and
the control word is appended with control signals for the new datapath unit and
for addressing the new ports of the interconnect. However, a fully connected
crossbar does not scale well. Therefore, once a set of datapath units has been
chosen, the compiler together with the intended set of applications can be used
to eliminate superfluous paths from the interconnect.

The wide control word would be an unsuitable format for storing appli-
cations, because of the large memory space it would require. The FlexSoC
approach therefore envisions a dynamically reconfigurable instruction decoder
that allows for a more compact representation of the control word. The recon-
figurable instruction decoder makes it possible to tailor an instruction set for a
specific application or set of applications. However, the reconfigurable instruc-

tion decoder is not within the scope of this thesis.

When designing digital systems, such as a FlexCore processor, it is impor-
tant to have efficient datapath units to build the system from. One such datapath
unit is the integer multiplier which is frequently used in typical embedded ap-
plications, such as signal processing and multimedia applications. Integer mul-
tiplier implementations tend to be both large in terms of area and have a high
power dissipation, relative other arithmetic circuits. This thesis presents the
twin-precision technique, which makes it possible for an integer multiplier to ef-
ficiently compute narrow-width multiplications (i.e. 16-bit multiplications on a
32-bit multiplier) and to increase the throughput by executing two narrow-width
multiplications in parallel. Furthermore, an evaluation is presented where the
modified-Booth algorithm [6] is compared to the Baugh-Wooley algorithm [7].

The increasing demand for performance leads to a point where single pro-
cessors cannot, at least in a power efficient way, deliver required performance.
At this point multi-core systems is the only promising solution. However, for a
single application to take advantage of the available performance of a multi-core
system it is necessary to schedule the application onto all cores of the system.
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For this reason a task-management unit is proposed to accelerate and offload
the scheduling overhead that is introduced when a multi-task application is dis-
tributed over a set of processor cores.

1.1 FlexCore

The FlexSoC [3] research project attempts to combine the performance and en-
ergy efficiency of hardware accelerators with the flexibility of programmable
processors by introducing a uniform programming interface. This is achieved
by moving away from conventional Instruction Set Architectures (ISAs). In-
stead, a two-tier ISA is defined, with a wide Native-ISA (N-ISA) capable of
fine-grained control of all computational resources of a datapath and customiz-
able Application Specific-ISAs (AS-ISAs) that can be made compact and thus
suitable for storing applications in memory. A reconfigurable instruction de-
coder decodes AS-ISA instructions into N-ISA instructions. The instruction
decoder is reconfigurable to allow for the creation of customized AS-ISAs for
a particular application or set of applications. An illustration of the FlexSoC
concept is shown in Fig. 1.1.

AS-ISA2

AS-ISA1 AS-ISA2 § g
AS-ISA1 AS-ISA2 2§
AS-ISA1 AS-ISA2 =
AS-ISAT

\ Y

| Instruction Decoder |
SECINE
VY VYV VY

*

Yy
z + z
Datapath

Figure 1.1: Illustration of a FlexSoC system with AS-ISA to N-ISA decoding.
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A new processor architecture, called FlexCore, has been designed to evalu-
ate the idea of a two-tier ISA. A FlexCore processor, in its simplest form, con-
sists of all the datapath units of a conventional single-issue five-stage pipeline,
similar to the Hennessy-Patterson 32-bit DLX and MIPS R2000 [8]. Application-
specific hardware accelerators can then be added as new datapath units for im-
proved performance and energy efficiency. All datapath units are connected to
a flexible interconnect that allows data to be freely routed between the differ-
ent datapath units. The datapath units together with the interconnect make it
possible for a FlexCore processor to emulate a five-stage pipeline of a General-
Purpose Processor (GPP) and can therefore offer the full programmability of
a GPP. The N-ISA is defined as the collection of all control signals of each
datapath unit and the address signals of the interconnect. Fig. 1.2 shows an
illustration of the baseline FlexCore processor without any added hardware ac-
celerators, where the N-ISA is seen as all the signals leaving the control.

’ Control ‘

[ LT N [] i L = ]
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=399 = e 8 S 3 3
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File (o Unit Unit
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Interconnect ‘

Figure 1.2: lllustration of a baseline FlexCore. Note that RegA and RegB are used as

pipeline registers when the FlexCore operates as a five-stage GPP pipeline.

The N-ISA changes the abstraction level at which the programmer/compiler
can control the datapath compared to a conventional ISA. The abstraction level
of a conventional ISA is the register file, where the input-operand(s) of each in-
struction of a conventional ISA is assumed to be available. If an input-operand
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is not yet available in the register file, the hardware either stalls the instruction
or dynamically reroutes the result of a previous instruction, which has already
been executed but not yet written its result to the register file. This abstraction
simplifies scheduling of instructions, since it is not necessary to keep track of
individual hardware resources in the datapath. However, it also limits the con-
trol of the datapath and creates unnecessary pressure on the register file, which
can degrade performance. The extra pressure is created since all instructions
write their result to the register file, even though in many cases the result of
an instruction is temporal and consumed by the following executed instruction.
In this case the result could be routed directly between the two consecutive
instructions, without writing it to the register file.

The abstraction of the N-ISA is at the datapath level, which gives the com-
piler/programmer full control of the whole datapath in each clock cycle. This
complicates scheduling, since the operation of each individual datapath unit
and routing of data between the units have to be scheduled for each cycle by the
compiler/programmer. However, the increased controllability makes it possible
to more freely schedule instructions and route data between datapath units. This
improves both performance and reduces register file access, which can have a
positive effect on the power dissipation. An example of how the N-ISA makes
it possible to improve instruction scheduling can be found in Paper A, together
with a more detailed description of the FlexCore processor.

The FlexCore processor has a flexible interconnect, which is presented in
Paper B. In the early stages of a FlexCore’s development, the interconnect con-
sists of a fully connected crossbar switch. The high connectivity between dif-
ferent datapath units allows for a more efficient scheduling, compared to more
restricted interconnects, such as that of a GPP. The interconnect also makes it
easy to add new datapath units to a FlexCore, since there never are any special
cases, like forwarding paths, to cater for. A fully connected crossbar switch
is costly to implement and does not scale well for reasonable large number of
ports. However, a FlexCore processor is statically scheduled, which makes it
possible to determine exactly the interconnect paths that will be used for a set of
applications. The unused paths can then be removed without any impact on the
performance in terms of executed cycles. By making sure that no paths associ-
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ated with a conventional GPP interconnect is removed, the full programmability
of a GPP can still be maintained.

The wide control word and the fully connected interconnect are in Paper A
shown to reduce the executed number of cycles with 10-36% for a set of four
different applications from the EEMBC Telecom and Consumer benchmark
suites [9]. It is also shown that 48% of all the paths in the fully-connected
interconnect are never used by the executed set of applications. Further, in
comparison to a FlexCore processor with the interconnect of a GPP in a 65 nm
process technology, a tailored interconnect is shown to have negligible impact
on performance and power of a FlexCore processor, with a reasonable increase
of 6% in area. The same tailored interconnect improves the total execution
time and energy dissipation of the four applications with 9-19% and 10-21%,
respectively. Interesting to note is that for one of the applications (Viterbi) the
execution time is not improved by the wide control word, while the tailored
interconnect contributes to an improved performance for all four applications.

The FlexCore architecture has been designed to be easily extendable with
new datapath units. An example of its extendibility is presented as a case study
in Paper F. In the case study, a twin-precision multiplier is added to a FlexCore
processor and new operations are added to its Arithmetic Logic Unit (ALU).
The extended FlexCore is then used to emulate the execution of a GPP, in-
stead of utilizing its full scheduling potential. The software tool-flow for the
FlexCore architecture was therefore updated with five new assembler instruc-
tions and a Fast Fourier Transform (FFT) application was manually modified
to take advantage of the new instructions. The result is a FlexCore processor
with light-weight Single Instruction Multiple Data (SIMD) support that can be
programmed at the assembler level. For the FFT application, this translates to
15% faster execution, compared to executing the FFT on a FlexCore with a
conventional multiplier and no SIMD support.

The FlexCore processor has made it possible to evaluate the performance
benefits that can be achieved by the expressive N-ISA. Furthermore, N-ISA
instruction traces from executions of applications provide vital information for
experimenting with the implementation of reconfigurable instruction decoders
and the creation of customized AS-ISAs.
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1.2 Multiplier Implementations

Multiplication is a common and important arithmetic operation in typical em-
bedded applications, such as multimedia and digital signal processing. How-
ever, multiplier implementations tend to be larger, slower, and more power dis-
sipating, compared to other arithmetic circuits. It is not uncommon that a multi-
plier unit is larger than the whole Arithmetic Logic Unit (ALU) of a processor.
An efficient multiplier implementation can therefore have significant impact on

the size and power of an embedded processor.

1.2.1 Single-Precision Multiplier

There are several possible ways of implementing multiplications. From the sim-
plest being an implementation in software, where the multiplication is iterated
over an adder and shifter, to hardware-implemented parallel multipliers. Par-
allel multipliers can be divided into three distinct steps. In the first step, a set
of partial products is generated that are then fed to the second step, which is
some type of a reduction circuit. The reduction circuit reduces the set of gen-
erated partial products into two bit vectors. In the third and final step, the two
remaining bit vectors are summed together using a final adder.

The first parallel multipliers, called array multipliers, were designed as an
array of 3-input Full Adders (FAs) and utilized AND-gates to generate the par-
tial products. Fig. 1.3 shows a block diagram of an unsigned 8-bit array mul-
tiplier, where the X multiplier-operand is multiplied with the ¥ multiplicand-
operandina X x Y = S multiplication. For each bit in the multiplier-operand
(xo to x7) a row of partial products is generated by connecting the bit of the
multiplier-operand to the inputs of a row of 2-input AND-gates. The second
input of each AND-gate is then connected to a bit of the multiplicand-operand
(yo to y7). The two first rows of partial products are then added together by a
row of FAs. For each additional row of partial products a row of FAs is added.
The row of FAs takes the row of partial products and adds it to the result from
the previous row of FAs. By the end of the final row of FAs all the partial
products have been added together and the result of the multiplication has been

completed.



1.2. MULTIPLIER IMPLEMENTATIONS 9

Half Adder A

AT \ e

TN o7 % %:%% % N
SO W v % %% % % %
AR
Aaaa g
ARBAAL T
0

(LG |

Sis S Sz S12 Syt S S Sg S¢ Se S5 Ss

Xo

3

X4

S S S
S O o

w.

3 2

Figure 1.3: Block diagram of an unsigned 8-bit array multiplier.

One of the advantages with the array multiplier is that it has a regular layout
and short wires. The downside is that the delay of the multiplier increases
linearly with the bitwidth of the multiplier. For each added bit, a new row
of full adders is needed, to sum the partial products with the previous result.
Further, the gate structure of the array causes lots of glitches and therefore the
array multiplier tends to have high power dissipation [10].

To reduce the delay, the number of rows of partial products that are gener-
ated can be reduced or a faster reduction circuit can be designed. Booth intro-
duced a technique that reduces the number of generated partial products [11].
Instead of inspecting a single bit that can represent {0, 1}, the technique in-
spects two bits of the multiplier-operand (X) and encodes them into {—2, —1, 0,
1,2}. The encoded bits are then multiplied with the multiplicand-operand (Y").
The drawback of the Booth algorithm is that the number of rows with generated
partial products is dependent on the input multiplier-operand. This makes the
algorithm unsuitable for hardware implementation. MacSorley improved the
technique by encoding three bits of the multiplier-operand into {—2, —1,0, 1, 2}.
The modified-Booth algorithm [6] ensures that exactly half the number of par-
tial product rows will be generated, compared to the number of partial product
rows generated using 2-input AND-gates as in the array multiplier in Fig. 1.3.
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The other option to reducing delay is to improve the reduction circuit. The
most common implementation choice for high performance parallel multipli-
ers is a logarithmic-depth reduction tree. With a logarithmic-depth reduction
tree the critical path is reduced from being linearly dependent on the number
of partial-product rows, as for the array multiplier, to a logarithmic depen-
dency. An added benefit with logarithmic-depth reduction trees is that they
produce less glitches than array multipliers and, thus, has lower power dissi-
pation [10]. The drawback of logarithmic-depth reduction trees, such as the
popular Dadda [12], Wallace [13], and TDM [14] trees, is that they have an ir-
regular interconnect structure. The irregularity increases the design effort, since
it makes them difficult to place and route.

The first logarithmic-depth reduction tree with regular interconnect was in-
troduced by Eriksson et al. with the High Performance Multiplier (HPM) [15].
The HPM reduction tree, which is a version of a Dadda tree [12], has the same
logarithmic property as other logarithmic-depth reduction trees, with the advan-
tage of a regular interconnect that makes it easier to place and route. An added
benefit of the HPM reduction tree being a Dadda is that it performs better than
the commonly used Wallace tree. Fig. 1.4 shows estimated power and delay
values from placed and routed HPM and Wallace multipliers, in a 65 nm pro-
cess technology. The figure clearly shows that the HPM reduction tree has both
shorter delay and dissipates less power than a Wallace tree of equal bit-width.

A popular way of designing fast parallel multipliers is to combine the use of
modified-Booth with a logarithmic-depth reduction tree, such as Wallace. The
combination has the benefit of reducing the number of generated partial-product
rows, which the logarithmic-depth reduction tree then quickly reduces to the
inputs for the final adder. However, one disadvantage with the modified-Booth
recoding scheme is that complex circuitry is needed to encode the multiplier-
operand into {—2,—1,0,1,2} and then to decode the multiplicand-operand.
This introduces extra logic in the critical path. Taking into account that the
critical path through a logarithmic-depth reduction tree is only reduced by at
most two full adder delays, when combined with modified-Booth recoding, it is
not obvious that the total delay of a modified-Booth multiplier implementation
will be significantly reduced.
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Figure 1.4: Delay and power estimates for a 65 nm process technology of multipliers

based on the HPM and Wallace reduction tree.

In 1997 Callaway et al. presented a study [16] where they compare four
different multiplier implementations. They come to the conclusion that the
modified-Booth recoded Wallace tree is faster than a conventional Wallace tree.
However, the modified-Booth recoded Wallace tree was found to dissipate more
power and for the power-delay product the conventional Wallace tree was found
to be the most efficient implementation.

The design practice used today is that of combining a logarithmic-depth re-
duction tree with modified-Booth recoding, even though Callaway et al. showed
that a Wallace multiplier without modified-Booth recoding has a better power-
delay product. An explanation can be that Callaway et al. made their study in
a 2 pm process technology with two metal layers and extrapolated delay and
power for other multiplier sizes than the used 16-bit implementation. Since
then, the process technology has progressed to gate lengths of less than 100 nm,



12 INTRODUCTION

for which wire lengths have a more dominant role for both power and delay.
Further, several new Booth-recoding circuits have been proposed that claim
they reduce the critical path [17, 18], which are obviously not part of Callaway’s
study.

Paper C presents a detailed evaluation of signed integer multipliers that are
based on the HPM reduction tree and either the modified-Booth [6] or Baugh-
Wooley [7] algorithm. The Baugh-Wooley algorithm was chosen because it
does not require complex recoding circuits that introduce extra logic in the crit-
ical path. The Baugh-Wooley algorithm is based on simple 2-input AND or
NAND-gates for its partial-product generation. However, the Baugh-Wooley
algorithm does not reduce the number of partial-product rows, as the modified-
Booth algorithm does. The evaluation is based on two recent Booth-recoding
circuits that have been found in the literature and have shown promising re-
sults in terms of short delay. The multipliers have been implemented using
VHDL and synthesized, placed, and routed in both 130 nm and 65 nm process
technologies, for accurate estimations on delay, power, and area. The evalua-
tion shows that Baugh-Wooley multipliers of sizes from 8 to 64 bits are about
20% smaller, dissipates 25-40% less power, and are at most 4% slower than
modified-Booth multipliers of equal size for the 130 nm process technology.
32-bit implementations of the multipliers in a 65 nm process technology show
even larger differences in area (22%) and power (60%) with only a 3% differ-
ence in delay. The study shows that the delay difference of a Baugh-Wooley and
modified-Booth multiplier of equal size is so small that the benefits of smaller
area and reduced power make the Baugh-Wooley multiplier the obvious choice
of the two.

1.2.2 Twin-Precision Multiplier

Many of the typical embedded applications work on streaming data, where the
same operation is performed on each data item of the stream. This type of ap-
plications can benefit from a technique called Single Instruction Multiple Data
(SIMD), which makes it possible to execute the same operation on multiple data
items in parallel, with a single instruction. For this type of applications it is also
common that they work with data-widths that are less than 32 bits, henceforth
called narrow-width operations.
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There have been several proposals on how to implement multipliers that
efficiently support applications that can benefit from narrow-width SIMD mul-
tiplications and those that need full-precision multiplications. Since multipliers
require large area, the techniques either combine several narrow-width multipli-
ers to perform one full-width multiplication [19-22] or they partition the partial
product generation of a full-width multiplier, such that it can perform narrow-
width operations [23-27].

Most of the proposed multi-precision multiplier designs [19, 20, 22-24, 26,
27] utilize modified-Booth recoding. The modified-Booth recoder generates
two’s complement numbers which makes it necessary to sign extend the partial
product rows. Sign extending the partial product rows would require a larger
reduction tree. This can be avoided by special techniques that add only a few
correction bits to each partial product row. However, the sign extension preven-
tion bits add complexity when a multi-precision multiplier is to be designed,
since these bits need to be added for each possible precision to be computed by
the multiplier.

Two of the proposed multi-precision multipliers [21, 25] base their design
on the Baugh-Wooley algorithm, instead of the modified-Booth algorithm. The
two designs have taken two different approaches: Lin’s [21] is a recursive mul-
tiplier constructed from several small multipliers that are combined to form
larger multipliers, while Krithivasan et al. [25] partition the partial product gen-
eration and utilize the reduction tree of a full precision multiplier. Earlier stud-
ies [22, 28] have shown that a recursive multiplier is slower than a multiplier
based on a logarithmic-depth reduction tree.

At about the same time as Krithivasan et al. presented their multi-precision
multiplier [25], Paper D presented the twin-precision technique, which also
partitions the partial product array of a Baugh-Wooley multiplier into sub-arrays.
The twin-precision technique allows one N-bit, one N/2-bit, or two N/2-bit mul-
tiplication(s) to be computed on an N-bit multiplier. The technique tries to min-
imize the impact on delay and power of the N-bit multiplication by making
as few modifications as possible to a conventional N-bit HPM multiplier. The
low complexity of the Baugh-Wooley multiplier allows for a straightforward
solution. The only modifications needed for narrow-width operation are i) the
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capability of forcing parts of the partial product array to zero, ii) the capabil-
ity of negating some of the partial products, and iii) the addition of two extra
sign bits connected to the reduction tree. The modifications introduce at most
a 3-input instead of 2-input AND-gate to the critical path of the N-bit multi-
plier. The added logic is limited to N-2 XOR-gates, N/2 half-adder gates, and
the replacement of 3/4 of all N x N 2-input AND-gates to 3-input AND-gates.
The twin-precision technique also allows a single N/2-bit multiplication to be
computed. This allows for power savings when an application does not need
the full precision of an N-bit multiplier, but cannot pack several multiplications
together for SIMD operation.

When a twin-precision multiplier operates on N/2-bit operands, large parts
of the multiplier are idle. Paper E presents a reconfigurable power gating tech-
nique that can be used to power off the inactive parts of the multiplier. The
study shows that significant reduction in leakage power with limited impact on
delay can be achieved by a customized power supply grid. In this particular
study, the total power of a 16-bit twin-precision multiplier was reduced by 11%
when executing 8-bit multiplications for a 130 nm process technology.

The modified-Booth algorithm is complex and gives rise to many special
cases that need to be handled in a multi-precision multiplier. This complicates
the design of multi-precision modified-Booth multipliers, which has a negative
impact on their performance and power. In Paper F a twin-precision modified-
Booth multiplier is compared to a twin-precision Baugh-Wooley multiplier.
The comparison shows that for a 130 nm process technology a twin-precision
modified-Booth multiplier is slower, dissipates more power, and is larger than a
twin-precision Baugh-Wooley multiplier of equal bit-width. The study clearly
shows that the modified-Booth algorithm is not suitable when implementing

multi-precision multipliers.

The intention of the twin-precision technique is that it should be possible,
during the design of a system, to replace a conventional multiplier with a twin-
precision multiplier. The added flexibility should come at a minimal impact on
the performance and power of the overall design. The twin-precision multiplier
has therefore been designed to have a small or negligible impact on the perfor-

mance of a conventional multiplier, when executing full-precision, N-bit, multi-
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plications. Paper F presents a case study where the multiplier of an embedded
32-bit general-purpose processor is replaced by a twin-precision multiplier. The
results show that the twin-precision technique has negligible impact on the per-
formance of a general-purpose processor. Further, its SIMD capabilities allow,
in this case, a Fast Fourier Transform (FFT) application to be executed 15%
faster and with a 14% decrease in energy dissipation.

1.3 Task Scheduling for Multi-Core Architectures

The relentless demands for higher performance, e.g. to be able to provide high-
definition (HD) video or increase the number of advanced features in mobile
devices, have lead to that the performance of a single processor core is not
sufficient. This is mainly due to five major challenges, so called walls, that
limit the performance of a single processor core.

1) Instruction Level Parallelism Wall — A single core solution suffers from lim-
ited Instruction Level Parallelism (ILP) that can be found and exploited in se-
quential programs. It has been shown [29, 30] that it is difficult to reach an ILP

of more than ten instructions per cycle without unlimited hardware resources.

II) Memory Wall — The increasing imbalance between the performance of a pro-
cessor and its memory subsystem has lead to what has been termed the memory
wall [31]. The large imbalance has lead to that the performance of the processor
is unexploited, since it has to wait for data from memory when performing data
accesses.

1II) Power Wall — As the process technology is scaled down the leakage power
has started to drastically increase. The increasing power dissipation has lead to
that improvements in performance need to be matched with improvements in
efficiency as well. Without improving the efficiency, the power dissipation of a

single processor core will continue to increase to prohibitive levels [32].

1V) Clock Frequency Wall — Increasing the frequency of a processor typically
requires deeper pipelines and more power. However, a longer pipeline increases
the chance of resource conflicts, which will make the processor stall and the
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penalty for miss speculations. Further, the optimal logic depth of a pipeline
stage is about six to eight fan-out-of-four (FO4) delays [33], which puts a limit
to the number of stages a design can be divided into. Therefore, increasing the
frequency other than by process technology scaling is not easily achieved.

V) Complexity Wall — The design of a single core is becoming ever more com-
plex and the complexity of the most advanced processors has reached such lev-
els that they are extremely difficult to design and verify. Pollack observed that
for a lead microprocessor the number of transistors was increased with a factor
of about two for each new process generation, while the performance was only
improved by 40% [32, 34].

With a multi-core architecture many of the challenges associated with a
single-core architecture can be avoided. For a multi-core architecture it is pos-
sible to design a relatively simple processor that has a good tradeoff between
power and performance. Desired system performance can then be achieved by
instantiating several of these cores, which can also help to reduce the power dis-
sipation. By adding a second core to a single processor system the theoretical
performance is doubled. It is then possible to trade some of the performance
gain against lower power dissipation. This can be achieved due to the quadratic
dependency between power and the supply voltage, while the frequency has
only a linear dependency to the supply voltage. Lowering the supply voltage
reduces the power more than it reduces the performance. A parallel application
consists of several threads, which makes it possible for a processor to switch to
another thread instead of waiting on a memory accesses. With several threads
it is also not necessary to increase the ILP of each thread to increase perfor-
mance, one can instead increase the number of threads and the number of cores
executing them.

Multi-core architectures require that the applications are parallelized for
them to take advantage of the available performance. The parallelization con-
sists of partitioning an application into a number of tasks (threads) that can then
be distributed over several cores, henceforth called task scheduling, in order to
accelerate application performance. Many of the current solutions [35-37] rely
on software for partitioning the application into tasks and to distribute them.

A software solution can be efficient as long as the overhead for creating and
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distributing a new task is much smaller than the task itself. As the number of
cores increases an application will have to be partitioned into more and, thus,
smaller tasks. As the tasks become smaller, the overhead of a software solution
can become prohibitively large. A natural step to reduce the task scheduling
overhead is to add some type of hardware support. There exist several hardware
techniques [38—41] that tries to address this problem. Kumar et al. proposed
to add hardware queues for storing and distributing tasks [38] and showed that
they are on average 70-110% faster than software task scheduling, for a set of
fine-grained parallel applications.

Partitioning of applications from the multimedia domain will generally in-
troduce dependencies between the tasks, which force the tasks to be executed
in a certain order. For this kind of application workloads it is not enough to be
able to efficiently create tasks and distribute them. It is also necessary to keep
track of when a new task can be created. The algorithms needed for keeping
track of the creation of tasks are not necessarily complex, but they can introduce
large overheads. In Paper G it is shown that the code for calculating what task
to be executed next accounts for 9% of the total execution of the parallelized
sections of a Super HD H.264 decoder. The paper presents a task management
unit that can offload and execute the task dependency code in parallel with other
tasks. The task management unit is shown to reduce the overhead with 40-50%,
compared to task scheduling through the use of a task queue.

1.4 Conclusion

Building embedded systems can be very complicated. For an efficient imple-
mentation it is necessary to consider all levels of an embedded system, from
applications down to the actual implementation.

This thesis addresses issues of how to efficiently schedule tasks of an ap-
plication onto different cores in a multi-core system, as well as scheduling of
individual instructions onto a single core. Scheduling of instructions is lim-
ited by the hardware-software interface, which dictates in what ways a com-
piler/programmer can take advantage of available hardware resources. The en-
visioned two-tier instruction set in the FlexSoC project questions the limitation
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of control given by conventional instructions sets, such as those for application-
specific, general-purpose, and very-long-instruction-word processors. The en-
visioned two-tier instruction set gives the compiler/programmer expressive con-
trol of the hardware, which can be taken advantage of when scheduling instruc-
tions. The two-tier instruction set also opens up for new architectural features to
be considered, such as the flexible interconnect and the ease of integrating hard-
ware accelerators into the datapath of a FlexCore. However, the performance
of a new architecture depends on the components it is built of. Arithmetic
circuits are extensively used in all digital systems and are often timing criti-
cal. In particular, the integer multiplier is slow, power hungry, and large, rel-
ative to other arithmetic circuits. Implementation techniques that can improve
the flexibility, performance, and efficiency of integer multipliers have therefore
been presented. Further, as the process technologies continue to scale, leakage
power has become a great concern when designing energy efficient embedded
systems. To address the problem of increased power dissipation, a customized
power gating technique for integer multipliers is presented.

This thesis shows the complexity involved and solutions to several relevant
issues that need to be addressed when designing embedded systems.
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FlexCore: Utilizing
Exposed Datapath Control
for Efficient Computing

We introduce FlexCore, the first exemplar of an architecture based on the Flex-
SoC framework. Comprising the same datapath units found in a conventional
five-stage pipeline, the FlexCore has an exposed datapath control and a flexible
interconnect to allow the datapath to be dynamically reconfigured as a con-
sequence of code generation. Additionally, the FlexCore allows specialized
datapath units to be inserted and utilized within the same architecture and com-

pilation framework.

This study shows that, in comparison to a conventional five-stage general-
purpose processor, the FlexCore is up to 40% more efficient in terms of cycle

25



26 PAPER A

count on a set of benchmarks from the embedded application domain. We show
that both the fine-grained control and the flexible interconnect contribute to the
speedup. Furthermore, according to our VLSI implementation study, the Flex-
Core architecture offers both time and energy savings.

The exposed FlexCore datapath requires a wide control word. The con-
ducted evaluation confirms that this increases the instruction bandwidth and
memory footprint. This calls for efficient instruction decoding as proposed in
the FlexSoC framework.

A.1 Introduction

Cost- and performance-sensitive application areas, such as cellular phones and
other battery-powered multimedia devices, are not well served by present-day
general-purpose computing platforms. To meet user expectations of features
and battery capacity, designers instead resort to highly heterogeneous systems
where a collection of specialized hardware accelerators (built for encryption,
image and video coding, audio playback, etc) are controlled by an embedded
microprocessor, such as an ARM core. For cost reasons, several accelerators
will typically be collocated with the microprocessor on a single System-on-
Chip (SoC).

The present practice has drawbacks. Tasks outside the set originally in-
tended may not benefit from the computing capacity available: computing re-
sources hidden inside an accelerator may be difficult or impossible to use in
ways other than those considered by the accelerator designer. Even when possi-
ble, the software constructs necessary to access a “hidden” hardware block bear
little resemblance to ordinary code.

For ease of software development and maintainability, a uniform hardware/-
software interface, similar to those offered by general-purpose processors (GPPs),
would be highly desirable; but present-day GPPs cannot compete with hetero-
geneous SoCs in terms of performance at a given power level. Merging the
accelerator datapath elements into the GPP infrastructure would be possible in
principle, but a very wide instruction word would be required to make fine-
grained control possible. A wide instruction word potentially increases the
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memory footprint of an application. For typical embedded systems, memory
is expensive in terms of money and power. Because of the tight power and
cost constraints together with the high volumes used, it is important to keep the

memory usage and I/O activity down.

In our approach, called FlexSoC [1], we address these problems by moving
away from the conventional GPP instruction set architecture (ISA) and use a
wide control word. This allows us to control the datapath units in the datapath
at a much more fine-grained level. Other important differences between our ap-
proach and the standard GPP-like ISA is that each control word, or Native-ISA
(N-ISA), controls the datapath in the current cycle only and that forwarding
needs to be done statically. Previous work on exposed control has shown sig-
nificant performance improvements [2] when used within a hardware/software
co-design system. In contrast, the FlexSoC approach includes a (extendable)

pipeline together with a flexible instruction decoder.

To better understand the requirements of the instruction decoder, our study
investigates how the instruction bandwidth as well as the static code size is
affected by the exposed control. In particular, we note that even though the wide
instructions allow for more efficient control, the number of instructions needed
are still large, thus increasing the static code size considerably compared to a
conventional GPP-version. In fact, all benchmarks are larger and require three
times as much bandwidth as a GPP-version.

Consequently, in the FlexSoC framework we propose to use a programmable
instruction decoder. This decoder allows the compiler to use a compressed
Application-Specific ISA (AS-ISA) for each application, or set of applications,
to be executed. Applications are stored as AS-ISA instructions that are ex-
panded on-the-fly to N-ISA instructions when fetched from the program mem-
ory. Figure A.1 illustrates this scheme. As will be shown, the findings in this
article clearly motivate such a scheme.

In this paper, we make the following main contributions. 1) We introduce
the FlexCore datapath, a datapath with exposed control based on the FlexSoC
framework. 2) We evaluate the microarchitecture in detail and show that it en-
ables better performance in cycle-count and execution time as well as energy
efficiency. A detailed study of the interconnect shows the usage patterns of our
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applications and layout implementations of the schemes allow us to do qualita-
tive comparisons. 3) In this framework, we also show that the exposed pipeline
comes at a cost of both static code-size and instruction bandwidth.

This paper is organized as follows: The FlexCore architecture is introduced
in Section A.2 and A.3, followed by compilation techniques used, Section A.4.
Section A.5 presents how the FlexCore architecture was evaluated, and the re-
sults are presented in Section A.6. Related work is discussed in Section A.7;

the paper is concluded in Section A.8.

A.2 The Baseline FlexCore Architecture

Application studies in our field of interest, in particular comparisons [3] of two
audio compression standards (MP3 and Ogg Vorbis), have convinced us that full
GPP functionality is necessary for flexibility. To offer the full programmability
of a GPP, we have therefore decided to include all the datapath units necessary
to emulate a full-featured processor in our baseline architecture. We have opted
to use a conventional, single-issue, five-stage pipeline similar to the Hennessy-
Patterson 32-bit DLX and MIPS R2000 as a template [4]. This is not a high-
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performance processor design; in FlexSoC, however, our ambition is to provide
application performance mainly through the use of specialized accelerators and
fine-grained control rather than through conventional methods. Thus, our core
is designed to be flexible and gradually extensible, with accelerators according
to application requirements. Moreover, recent research have shown that simple
cores can be very energy efficient and successfully used in high-performance
systems [5, 6].

The datapath is fully exposed and is controlled through a 91-bit wide N-
ISA control word. The baseline FlexCore consists of four datapath units (see
Figure A.2): Register File, Arithmetic Logic Unit (ALU), Load/Store Unit (LS
Unit), and a Program Counter Unit (PC Unit), with all units connected to a
flexible, fully connected interconnect. To allow for GPP functionality, each
datapath-unit output port is connected to a data register. The data registers act
as pipeline registers in the various pipeline configurations that can be assembled
using the flexible interconnect. Thus, it is easy to create different pipelines by
routing a result from one datapath unit to the next.
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Figure A.2: [llustration of a baseline FlexCore. Note that each DATA Reg also has a

stall signal not shown in the figure.

To allow instructions to be scheduled on the FlexCore in the same way as

on a conventional five-stage pipeline, two data registers (RegA and RegB) have
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been included. The two data registers are used in the execute and load/store
stage of a conventional GPP and allow data to bypass the ALU and LS unit.

The baseline FlexCore can act as a GPP since it can emulate a conventional
pipeline and run instructions in the same way. The FlexCore architecture also
allows for high resource utilization due to the flexibility in scheduling and the
fine-grained N-ISA control word.

A.2.1 N-ISA: Exposed Datapath

As described in Section A.1, the datapath of a FlexCore can be precisely con-
trolled through the N-ISA control word. The N-ISA format depends heavily
on the architecture and its datapath units. Figure A.3 shows the N-ISA control
word for the baseline FlexCore architecture. Starting from the least signifi-
cant bit, the control word consists of bits that control the interconnect, the PC
Unit (which also includes the 32-bit immediate value), the two data buffers, the
Load/Store Unit, the ALU, and finally the Register File.

’ Interconnect ‘ PC ‘ D‘ LS ‘ A ‘ Register ‘

Figure A.3: FlexCore N-ISA control word. The different fields are: Interconnect
(24 bits), PC (37 bits, of which 32 bits are immediate), D (Data buffers, 2 bits), LS
(Load/Store, 5 bits), A (ALU, 5 bits), and Register (18 bits). The total length is 91 bits.

The expected functionality of the datapath units allows us to identify the
role of most of the bits in a straightforward manner. For example, the bits
controlling the register file contain the fields denoting which two registers to
read and which register to write. These bits also contain a write enable signal
and two stall signals for each read port data register. The PC Unit handles
the immediate value, and the ImmSel signal selects if the value emitted from
the PC Unit should be the current Immediate value, or the address of the next
instruction (which is used in jump-and-link-like instructions).

The N-ISA includes the bits controlling the interconnect. Since each output
can be associated to any input in every cycle, the number of bits, n, needed to
control an N-input, M -output interconnect is n = M - [log,(N)].
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In each cycle, an N-ISA word controls all units in the datapath as well
as the interconnect. The exposed-datapath approach differs from the conven-
tional pipelined control word, which is found in general-purpose processors
and digital-signal processors, and in which one control word (corresponding
to one instruction) contains information about all pipeline stages, for this and
consecutive cycles.

As can be seen in Figure A.3, the N-ISA word consists of 91 bits. Compared
to a conventional 32-bit GPP, the FlexCore requires an instruction bandwidth
that is almost three times as large, in order to keep the datapath busy. The
N-ISA is clearly not an efficient representation. Therefore, FlexSoC assumes a
reconfigurable instruction decoder/expander in the hardware/software interface.
It comes as no surprise that our results confirm that both the static code size and
the instruction bandwidth must be addressed.

The goal of giving the compiler complete control of the hardware has the
drawback that binary compatibility between processors with different datapath
architectures is lost. With a reconfigurable instruction decoder, as proposed in
the FlexSoC framework [1], it may however be possible to reuse the same AS-
ISA for different hardware configurations, but that is a topic for future research
and, thus, not addressed in this work.

In Section A.6, we analyze performance gains from using an exposed data-
path and a flexible interconnect with the same datapath units as a conventional
five-stage pipeline.

A.3 Extensions to the Baseline FlexCore

An advantage of the FlexCore architecture is that it can be extended with appli-
cation-specific accelerator units, simply by adding more ports to the flexible in-
terconnect and extending the N-ISA control word to include control signals for
the new units. Since different units are treated equally, we hope to avoid com-
plex ad-hoc solutions usually found in irregular interconnects. For instance, for
each unit added to a conventional pipeline, the forwarding network with con-
trol logic has to be modified. A conventional fixed pipeline depth also makes it
cumbersome to add datapath units and utilize them efficiently: either the new
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unit is put in the execute stage and can thereby only be used if the ALU is not
used; or a new pipeline stage is added, which changes the architecture consider-
ably; or the unit can be added as a co-processor, which causes communication
overheads.

A fully connected crossbar guarantees that the interconnect will not restrict
the scheduling of operations on the datapath units. This motivates its use in the
explorative phase of the design. As seen in Section A.6, the full connectivity
may not be needed for a given application domain; this provides an opportu-
nity to reduce the area and power requirements, once a suitable collection of
datapath units has been determined.

A.3.1 Multiplier Extension

For this study, the baseline FlexCore has been extended with a multiplier in or-
der to be able to efficiently execute embedded application benchmarks, such as
the Fast Fourier Transform (FFT). The 32-bit multiplier, which is pipelined into
two stages to balance its critical path to the other datapath units, is connected
to the interconnect that has been extended with two input and two output ports.
The two output ports deliver operands to the multiplier, while the result is di-
vided into two 32-bit values. Each value is connected to an input port of the
interconnect. One of the ports carries the 32 least significant bits of the result,
while the other port carries the 32 most significant bits of the result, as shown
in Figure A 4.

An N-ISA instruction for the extended FlexCore consists of 108 bits. The
multiplier has no control signals, since it is only capable of executing one oper-
ation. The extension to the N-ISA is due to extra bits for addressing the added
ports in the interconnect, as well as two enable signals for the LSB and MSB

register that is holding the result after a multiplication.

A.4 Compiling for FlexCore

The flexibility of architectures based on the FlexCore concept enables numer-
ous compilation strategies. Given the ability of a FlexCore to emulate a con-
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Figure A.4: Illustration of a baseline FlexCore extended with a multiplier. Note that
each DATA Reg has a stall signal, while RegA, RegB, LSB, and MSB have an enable

signal which is not shown.

ventional GPP, we chose as our initial approach to translate GPP-like assembly
instructions into N-ISA code. As this work will show, the FlexCore can indeed
emulate a conventional five-stage pipeline in real time.

The translation of single GPP instructions to N-ISA code is straightforward.
We use the same datapath structure as a five-stage pipeline, but the instruc-
tion fetch stage is implicitly handled by the FlexCore control unit. In other
words, each instruction spans four cycles. The first cycle uses the immediate
port and the read ports of the Register File. The second cycle uses the ALU and
RegA. The third cycle uses the Load/Store Unit and RegB. Finally, the fourth
cycle uses the write port of the Register File. Sequences of such instructions
are merged using static optimization techniques (see Section A.4.1 below) to
achieve pipelining and forwarding.

Obviously, making the FlexCore operate as a GPP is not the best way to
exploit this architecture. However, we chose to execute GPP programs on the
FlexCore to establish a performance baseline. Even though the FlexCore in-
terconnect allows for communication between any two units, GPP instructions
use only the paths corresponding to those found in the GPP. Therefore, we aim
to compile high-level code down to N-ISA along the lines of other compila-
tion methods for general datapaths [7]. This enables the pipeline length and
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structure to be changed as often as needed, and allows for programs to use the
datapath units in any order. Currently, profiling allows the programmer to man-
ually schedule performance-critical regions. The manually scheduled parts are
written in an RTN'-like format that can be interleaved with GPP instructions.

A.4.1 Instruction-Level Static Code Optimization

Translating GPP assembly code into N-ISA code yields a number of N-ISA in-
struction sequences that should be scheduled as tightly as possible, overlapping
each other as allowed by resource conflicts and data dependencies. Resource
conflicts are not an issue in the case of GPP assembly instructions, due to their
pipelined structure. Data dependencies are more important, since consecutive
operations often use the same register.

When one operation uses the contents of a register that is updated by the
previous operation, several cycles can often be saved by forwarding: taking the
value directly from the datapath unit that produces it, rather than waiting for it
to be written to the register file first.

Pipelined processors usually do these optimizations at run-time. On the
FlexCore, however, they must be done statically due to the exposed control
word. The basic operation is to compose two sequences of N-ISA instructions
sequentially, with as much overlap as possible. This is done by annotating each
instruction with information about what resources that are used, and the sta-
tus of all registers. Each register can have status available, unavailable, or
rerouted(p), where p is the name of an output port of a datapath unit. Normally,
registers are marked as available, which means that their value can be read from
the register file. A register is unavailable when a new value for the register is
currently being computed and is not yet available. When the value is available
but not yet written to the register file, the rerouted(p)-annotation tells the com-
piler where the value can be found. In such a case, the register read is omitted,
and the value is fetched from the port p instead of the register port.

Techniques such as these are not restricted to rescheduled conventional
pipelined programs, but can be used for any N-ISA code. They help deter-

mine whether any two annotated N-ISA sequences are composable with a fixed

IRegister Transfer Notation.
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overlap. To find out the maximal possible overlap, we begin by composing
them without overlap, then with one cycle overlap, thereafter with two cycles
overlap, and so on until we fail. It may be possible to continue even further, but
then we must perform a more careful analysis to make sure that no write order
conflicts occur. However, we do not expect such aggressive optimizations to
have a significant efficiency impact.

Even though the compiler at times needs to make pessimistic choices not
to violate any data dependencies when scheduling, our results show that the
generated code is only marginally slower on GPP-code compared to a fixed
five-stage pipeline with dynamic forwarding and pipelined control.

A.4.2 Scheduling Opportunities

To exemplify what type of optimizations are possible with the fully connected
interconnect and the wide control word, we list four general optimizations that
are possible on the FlexCore architecture, but not on a GPP.

Dynamic pipeline depth

A conventional processor typically has a very rigid pipeline, generally for a five-
stage pipeline they are called IF/ID/EX/MEM/WB. In the DLX case, each has
a fixed one cycle latency, though more advanced pipelines might have different
latency for various operations in the execution unit and have hardware support
for out-of-order execution.

In FlexCore, the interconnect allows us to change the structure of the pipeline
during execution of the program. Consider the case of a tight loop which
performs advanced arithmetic calculations, but does not have any memory ac-
cesses. During this time, the pipeline can be modified to bypass the MEM-stage
completely and thus reduce the latency for each instruction.

Static forwarding

Forwarding is a key principle in pipelines to increase performance. The time
for a value to go from producer to consumer needs to be minimized, and in
most architectures, a complex set of forwarding links and control logic are used
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when forwarding opportunities are dynamically identified. With the fully con-
nected interconnect available in the FlexCore network and the fine-grained con-
trol available, it is possible for the compiler to find these opportunities and make
the forwarding of operands statically. Thus, eliminating the need for forwarding

control logic.

Static optimization

Another important feature of the exposed control is that less redundant oper-
ations need to be performed in hardware. If two consecutive arithmetic GPP-
instructions operate on the same register value, it is clear that the second in-
struction will overwrite the result of the first. If forwarding is used to pass the
value from the first to the second instructions the value produced by the first
instruction does not need to be written to the register file. With the granularity
of GPP instructions, only dynamic hardware schemes can remove such redun-
dant writes. With FlexSoC, each write is exposed and we can statically decided
weather to write the result or not.

Instruction parallelism

Even though the instruction stream in RISC code is sequential, the execution of
the operations does not have to be linear as long as the result is as if the instruc-
tion were executed sequentially. The amount of Instruction Level Parallelism
(ILP) available in the program as well as the hardware resources available both
limits the amount of parallelism that can be exploited. With the finer control
possible with FlexSoC, we are able to find more opportunities to perform vari-
ous operations in parallel. Also, if there is a bottleneck, the flexible interconnect

will make it easy to add more resources which the compiler can utilize.

Example Schedule

To illustrate the different scheduling optimizations that can be done for the Flex-
Core datapaths we will consider the three GPP assembly instructions shown in
Figure A.5.
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ADD  $1, 83,16
ADD  $1, $5, $1
LW $3, 0($9)

Figure A.5: Example of three consecutive GPP assembly instructions.

In a conventional five-stage pipeline the instructions could be scheduled as
shown in Figure A.6(a). The instructions are scheduled one after the other, each
with a latency of four cycles. The load-word (LW) instruction is independent of
the other two instructions and could have been scheduled earlier. However, the
total number of cycles to execute the three instructions would not be affected.

ID EX MEM WB
1:|Read $3 & IM16
2:|Read $1 & $5 ADD
3:|Read $0 & $9 ADD | NOP
4: ADD | NOP | Write $1
5: LW Write $1
6: Write $3

(a) GPP Schedule

ID EX MEM WB
1:1$3, IM16, & $9
2:|Read $5 ADD | LW
3: ADD Write $3
4: Write $1

(b) FlexCore Schedule

Figure A.6: Instruction scheduling on a GPP and FlexCore datapath.
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The schedule of the three instructions in Figure A.5 for the FlexCore datap-
ath is shown in Figure A.6(b). One can directly notice that the schedule for the
FlexCore datapath is only four cycles, instead of six as for the GPP schedule.
This is achieved by applying the scheduling optimizations described above: i)
Each instruction has a latency of three instead of the conventional four. ii) For-
warding is not explicitly shown in the schedules but are performed statically to
transfer the result of the ADD in cycle two to the ADD in cycle three. iii) Regis-
ter $1 is only written once, thus the write-port of the register-file can be used by
another instruction. iv) Since the load-word instruction has an address-offset of
zero, it is unnecessary to compute a new address from which to make the load
from. This together with the available write-port of the register-file allows the
load-word instruction to be scheduled in parallel with the first ADD instruction.

A.5 Experimental Framework

To evaluate the performance of FlexCore, four different benchmarks from the
Embedded Microprocessor Benchmark Consortium (EEMBC) were selected.
The four benchmarks are the Fast Fourier Transform (FFT), Autocorrelation
(Autocor) and Viterbi Decoder (Viterbi) from the Telecom benchmark suite and
the High pass grey-scale (RGBHPG) filter from the Consumer benchmark suite.
All selected benchmarks were executed to completion and the result presented
excludes code belonging to the test-harness.

To distinguish between the performance gains achieved by an exposed dat-
apath and the flexible interconnect, a FlexCore with only the interconnects
present in a conventional GPP pipeline has also been simulated; it is identified
as “Exposed GPP” in the tables.

We chose MIPS as the ISA for the GPP pipeline, since it is supported by
mature free-ware tools and cross-compilers. Each of the benchmarks was com-
piled using a cross-compiler to MIPS assembly with the default optimization
flags for EEMBC (-O2). The assembly code was profiled to identify computa-
tional kernels, which subsequently were manually scheduled, using RTN nota-
tions, for the Exposed GPP and the FlexCore. All the benchmarks were man-
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ually scheduled without doing any algorithmic changes or optimizations, such
as loop unrolling. Each assembly instruction was translated into RTN notations
and scheduled as early as possible onto the given datapath. An instruction can
therefore be scheduled earlier than given by the original assembly code, if there
are no data dependencies and no resource conflicts. Thus, three versions of each
benchmark were generated:

o GPP- The output of the FlexCore compiler. As described in Section A.4,
the compiler schedules the instructions in the same way as if they would

have been executed on a conventional GPP.

o Exposed GPP - The most frequent instructions (inner loops) have been
manually scheduled using only the communication paths of a conven-
tional GPP. For example, RTN-operations make it possible to remove un-

necessary register updates.

e FlexCore - Manual scheduling of the same instructions as for the Ex-
posed GPP but with the full interconnect of the FlexCore. For example,
data can be moved directly from the ALU to the register file, without
updating the buffer registers.

The code was executed on a cycle-accurate simulator that models a Flex-
Core connected to an ideal memory architecture, with single cycle latency. The
simulator has been verified against a VHDL implementation (see Section A.5.1
below). By using CRC-checks on the output of the benchmarks, we have veri-
fied that they execute correctly.

A.5.1 Hardware Implementation

To evaluate the performance in terms of delay, power/energy, and area, VHDL
implementations were created for the different architectures. Note that no con-
trol logic has been implemented for the evaluated architectures in our compari-
son. The exposed GPP is a conventional GPP, where the control logic has been
removed. Therefore, when disregarding control logic and instruction fetch, the
exposed GPP and conventional GPP are equivalent. The influence of control
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Figure A.7: Schematic of the datapath for the GPP and exposed datapath. Only the

communication paths for data are shown, without any control signals.

logic and instruction fetch on the performance of the different architectures is
an issue addressed within the FlexSoC project, but this is not a topic of this

paper.

Figure A.7 shows a detailed schematic of the communication paths that are
available to the GPP and the exposed datapath. The datapath is inspired by the
DLX and MIPS R2000 datapaths [4]. The multiplier is an intrinsic part of the
datapath and takes its inputs from the register file. To improve performance, it
is possible to forward results from the ALU and LS Unit directly. The output
registers of the multiplier do not work as conventional pipeline registers, where
a new value is clocked in for each new clock cycle. Instead these registers
hold the result from the previous multiplication until a new multiplication is
performed.

The baseline FlexCore datapath using the flexible interconnect was designed
such that an input port to a datapath unit can be connected to any output port of
any datapath unit. This creates a fully connected crossbar switch as intercon-
nect.
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Figure A.8: [llustration of the crossbar switch of the fully connected interconnect.

Figure A.8 illustrates how the crossbar switch is constructed from a number
of switchboxes. Each input to a datapath unit (in Figure A.7) as well as to
the two registers RegA and RegB is connected to its own switchbox. Each
switchbox is in turn connected to all the outputs of the datapath units. The

switchbox functions as a multiplexer, according to Figure A.9.

ALU —»
RF_OutA —»|
RF_OutB —»|
LS —

PC_Out

MUL_MSB —»
MUL_LSB —
RegA_Out —p»
RegB_Out —#»

Figure A.9: lllustration of a switchbox.

The VHDL descriptions were synthesized, placed, and routed (Cadence
First Encounter [8]) using a commercially available 65 nm low power technol-
ogy, with standard threshold voltage. Delay and power estimations were done
on the placed and routed netlists with extracted resistance and capacitance and
for the worst case corner at 125 degrees Celsius. The power estimations are

given for the maximum clock frequency for each of the datapaths.
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Table A.1: Application Cycle Count
GPP Exposed GPP FlexCore

Full 1.5k (100%) 1.3k ( 88%) 1.0k ( 67%)

Autocor
oop | 1.3k (100%) 1.1k ( 86%) 0.8k (62%)

FET Full 58k (100%) 47k ( 80%) 37k (64%)

Loop | 43k (100%) 31k (71%) 22k ( 50%)

Full 3.4M (100%) | 3.2M (93%) | 2.8M ( 82%)
RGBHPG

Loop | 3.3M (100%) | 3.2M (97%) | 2.8M ( 86%)
Viterbi Full 268k (100%) | 268k (100%) | 243k ( 90%)

iterbi
Loop | 218k (100%) | 222k (102%) | 198k ( 90%)

A.6 Results

A.6.1 Cycle-Count Evaluation

In the first set of experiments we have executed the benchmarks and measured
the dynamic cycle count. Table A.1 shows the dynamic cycle count for the
benchmarks. The columns labeled Loop show the number of cycles spent in the
manually scheduled inner loops. Here we see that at least 75% of the executed
cycles are spent in the inner loops. The percentage in the table allows us to
compare the cycle count between the three architectures.

The FlexCore architecture is between 10% and 50% better in cycle count
compared to the GPP for all the applications. The Exposed GPP improves only
some of the applications, with FFT being the best with 20% improvement, while
Viterbi could not be improved at all.

In order to understand the difference in performance among the bench-
marks, the utilization of the resources in the datapath was also monitored. As
with many embedded media benchmarks we saw that the inner loops performed
many arithmetic operations on register values.

Figure A.10 shows the relative number of cycles the ALU was used, for the
various benchmarks. For all applications, the ALU utilization in the FlexCore
is higher than that in the Exposed GPP, whose ALU utilization in turn is higher
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Figure A.10: Percentage of cycles the ALU is used.

than in the GPP. Comparing the results with the dynamic cycle count, we see
that the benchmarks with the smallest ALU utilization gained the most by the
FlexCore architecture. Autocor and FFT, which have only 60% and 70% ALU
utilization, improved by 33% and 36% in cycle count with FlexCore, while
RGBHPG and Viterbi with a 90% and 85% ALU utilization only gained 18%
and 10%.

Furthermore, the number of ALU operations executed in total decreases in
FlexCore. Figure A.11(a) shows that between 5% and 22% of all ALU opera-
tions executed by the GPP are redundant and have been removed for FlexCore.
An example of redundant ALU operations is the address calculation with a zero
offset for load and store operations.

In a GPP, all calculated values are written to the register file. Nevertheless,
all written values that are used in the next instruction will be routed through
the forwarding network. If the value is never again read from the register file,
the write is unnecessary. In the FlexCore architecture, it is possible to skip
the generation of such writes, as long as it is possible to statically find such
superfluous register writes in the program. Figure A.11(b) shows the relative
number of register writes for the different architectures compared to the GPP
version. On average, the Exposed GPP allows us to remove 28% of all register
writes and for FlexCore 36% are removed. This reduces the contention of the

register file as well as saves power>.

2It also complicates exception handling, which is however not the topic of this paper.
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Figure A.11: Number of operations for the benchmarks normalized to the GPP.

A.6.2 Performance Evaluation

Cycle count alone is not sufficient to make a comparison of the different archi-
tectures. One also needs to consider implementation aspects. Table A.2 shows
the result of timing, power, and area estimations for the FlexCore, the Exposed
GPP and a conventional GPP. The implementations are done in a 65 nm tech-
nology, but values for a 130 nm technology are also included for reference. As
previously explained, we have modeled the microarchitecture without control
and thus the implementation result for the GPP and the Exposed GPP are the
same.

The layout implementations were performed for minimum delay, and as
expected, the more modern 65 nm version has better delay values and worse
power. For the remainder of the paper, we will use the values for 65 nm as
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our baseline. For the FlexCore architecture, the extra paths require 18% extra
space. More importantly, the delay of the critical path is increased by 6% and
the power dissipation is increased by 18%.

Table A.2: Delay, Power, and Area Estimates

(a) 65 nm - Baseline
Datapath Timing (ns) | Power (mW) | Area (mm?)
GPP 2.14 (100%) | 7.36 (100%) | 0.093 (100%)
Exposed GPP | 2.14 (100%) | 7.36 (100%) | 0.093 (100%)
FlexCore 2.27 (106%) | 8.69 (118%) | 0.110 (118%)
Pruned 2.15 (100%) | 7.33 (100%) | 0.099 (106%)
(b) 130 nm

Datapath Timing (ns) | Power (mW) | Area (mm?)
GPP 2.89 (100%) | 5.70 (100%) | 0.260 (100%)
Exposed GPP | 2.89 (100%) | 5.70 (100%) | 0.260 (100%)
FlexCore 321 (111%) | 5.92 (104%) | 0.293 (109%)
Pruned 3.02 (105%) | 5.90 (104%) | 0.267 (103%)

The high overhead in terms of delay and especially power makes a fully
connected interconnect impractical. We have therefore investigated which paths
of the interconnect that are actually used and if any paths can be pruned without
losing any performance in terms of cycle count.

In the GPP architecture, there are 33 possible communication paths, while
the fully connected interconnect offers 90 paths. Table A.3 lists all these paths
and highlights the ones that are used by our four benchmarks. Paths marked
GPP are used when executing GPP code; additionally, when the full intercon-
nect is used, paths marked Flex are also used. Here we see that out of the 90
paths available in the fully connected interconnect, 43 are never used in the
benchmarks of this study.

Figure A.12 illustrates the actual utilization of the paths in our fully con-
nected interconnect. Each path listed in Table A.3 is represented on the x-axis;
for each benchmark, the bars show how often the link is used during the full

execution. For all the benchmarks, the path between register output A and the
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ALU is very important (path number 13). Even though the trend is similar
among all the four benchmarks, there are some variations. The total number
of paths used in the benchmarks is very different between FFT (32) and the
other three benchmarks (Autocor uses 18, FFT 32, RGBHPG 18, and Viterbi
19 paths). The distribution of used links also vary between FFT and the rest.
The ten most used links in FFT cover 73% of all the transfers while the corre-
sponding numbers are 87%, 93%, and 83% for Autocor, RGBHPG, and Viterbi.
Note that the links do not necessarily need to be the same in the different bench-
marks.

Since all data movements are statically scheduled by the compiler, it is pos-
sible to prune idle communication paths from the flexible interconnect, without
losing performance. Table A.2 include the results of an architecture with the
pruned interconnect as shown in Table A.3. The results show that pruning the
interconnect improves power dissipation as well as delay and area.

It is also enlightening to calculate the minimum number of links necessary
to account for 95% of the transfers. This metric is listed in Table A.4. Out of
the used links, between 67% and 81% of the links use 95% of the transfers.
This uneven distribution suggest that even more pruning is possible with small
effect on performance. The combined statistics show that even though FFT uses
a larger set of paths than the other benchmarks, it is not a true superset of the
ones needed by Autocor, RGBHPG and Viterbi.

Table A.4: Number of links needed for 95% of all transfers

Benchmarks | #links
Autocor 13
FFT 26
RGBHPG 12
Viterbi 15
All 30

By combining the results from the placed and routed architectures with the
cycle count, the true performance of the different approaches is shown. Ta-
ble A.5 shows the total time as well as the amount of energy (power- clock period-
cycle count) needed to execute each benchmark.
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These figures show that all four applications are executed faster on the Flex-
Core than on the GPP, when the cycle time is also considered. Compared to the
Exposed GPP, we notice that the performance boost is attributed to both the ex-
posed control and the flexible interconnect. With GPP as reference, the Exposed
GPP gives up to 19% performance improvement, while the FlexCore delivers
improvements up to 32% on the same benchmark (FFT).

The energy result on the other hand is not as promising. Comparing the
FlexCore architecture to the GPP shows that only two of the benchmarks are
executed with less energy (17% for Autocor and 20% for FFT) while two ex-
pend more energy (4% for RGBHPG and 14% for Viterbi). This shows that
if energy is a first-level constraint, the improvement in cycle count is not large
enough to outweigh the penalty associated with the fully connected intercon-
nect.

Pruning the interconnect, as described earlier, reduces the delay and power
significantly. This is reflected in the low execution time and energy dissipation
when executing the four benchmarks. The FlexCore with the pruned intercon-
nect is on average 19% faster and 14% less energy dissipating than the GPP.

A.6.3 Static Code Size

The total number of instructions for the benchmarks is shown in Table A.6. The
results are presented for both the full benchmark (excluding library code) and
for the manually scheduled inner loop. First focusing on the full benchmarks,
we see that the optimized versions are about the same or slightly smaller than
the GPP versions.

Note that any change in the number of instruction is the result from the man-
ually scheduled inner loops. Therefore we also present the number of instruc-
tions for these. Here we see that the FlexCore architecture has made it possible
to decrease the number of instructions significantly for some benchmarks. For
example, the inner loop of the FFT needs only half the number of cycles as
on the conventional GPP. However, since an N-ISA instruction is about three
times as large as a conventional GPP instruction, the total static code size for
FlexCore is still larger than for a conventional GPP.
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Table A.6: Code Size (number of instructions) for both application and the inner loop

for each benchmark.

GPP Exposed GPP | FlexCore
Full 60 (100%) 61 (102%) 56 (93%)
Autocor
Loop | 16 (100%) 17 (106%) 12 (75%)
FFT Full | 432 (100%) | 424 (98%) 414 (96%)
Loop | 42 (100%) 30 (71%) 21 (50%)
Full 197 (100%) | 198 (101%) | 191 (97%)
RGBHPG
Loop | 43 (100%) 42 (98%) 37 (86%)
Viterbi Full 366 (100%) | 367 (100%) | 360 (98%)
iterbi
Loop | 66 (100%) 67 (102%) 61 (92%)

The increase of instructions seen for the Exposed GPP originates from some
of the manual scheduling, which added prefix code to handle the first iteration
of loops.

A.7 Related Work

Reconfigurable architectures is an active area of research. Dedicated hardware
is becoming less attractive because of huge initial costs, long time to market,
and inability to adapt to new and changing standards. Reconfigurable hard-
ware is a promising approach to address these problems, without forsaking the
performance of dedicated hardware. Hartenstein has compiled a thorough sur-
vey of reconfigurable architectures [9]. Many modes of reconfigurability have
been proposed: reconfigurable accelerators may be connected to a standard
pipeline [10]; or reconfigurable tiles may be orchestrated to solve given prob-
lems [11, 12]. In contrast, the FlexSoC approach as presented here employs
reconfigurability only in the instruction decoding hardware, leaving the actual
data processing to highly efficient dedicated hardware.

The exposed datapath concept has recently been used in the No Instruction
Set Computer (NISC) [2, 7, 13] project, where the control pipeline is removed
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and the controller emits a wide instruction word each cycle. Co-design refine-
ment of hardware and software is used to reach the desired performance. The
reported speedups are comparable to those we see for the FlexCore example.
However, the static code size of a NISC program is claimed to be comparable
to that of a GPP. While this might be true for a co-design approach where com-
mon complex operations can be implemented with few control bits, we have
not seen the same results for the FlexCore architecture. In FlexSoC, we rely on
compression and run-time expansion to solve the code size problem. Increased
controllability of the datapath has been motivated by the reduction in hardware

complexity, in a similar way as in the Transport Triggered Architecture [14].

Liang et al [15] propose an architecture based on a reconfigurable intercon-
nect and show good performance for some domain-specific computations. It is,

however, not clear how the results translate to a wider domain of applications.

A common way to accelerate multimedia applications is to add sub-word
parallelism within the datapath units (SIMD). This technique is used both in
modern general-purpose computers and specific media processors. For a five-
stage DLX implementation, Nia and Fatemi report a speedup of more than a
factor of three with only minor growth in chip area [16]. The approach is or-
thogonal to those proposed here and would seem to make a fruitful addition to
a FlexSoC core.

Similarly to FlexSoC, the FITS project [17-19] also envisions the use of
flexible instruction decoders. Application profiling allows the selection of a
16-bit application-specific ISA that gives the same performance as the 32-bit
baseline case. FlexSoC combines a similar application-specific ISA approach
with the performance gains offered by the exposed datapath and the flexible
interconnect.

The translation envisioned in the FlexSoC project is somewhat similar to mi-
crocode processing, where a complex ISA is broken down into micro-operations
that are executed on the pipeline. The main purpose of microcode is to separate
the architecture from the implementation and the microcode is usually derived
from the already given ISA. In FlexSoC, this constraint is relaxed and the AS-
ISA can be created by the compiler to fit the needs of the applications.
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A.8 Conclusion

The exposed datapath of FlexCore offers distinct performance benefits when
compared to a GPP with corresponding datapath units. The flexible intercon-
nect network further improves performance, and also allows special-purpose
datapath units to be integrated while maintaining a uniform programming in-
terface. With knowledge of the datapath structure, a compiler can realize these
performance benefits. Additionally, it is always possible to execute programs
as if they had been compiled for MIPS and at cycle counts comparable to a
standard MIPS implementation.

We have analyzed four embedded applications and shown that for this set of
applications, FlexCore is between 10% and 40% faster in terms of cycle count
compared to a conventional five-stage GPP with the same datapath units. This
speedup is attributed to both the exposed datapath and the flexible interconnect.
Using cycle times obtained from placed and routed layouts, we show that this
cycle count translates to a total execution-time improvement of up to 30%. We
also show that it is feasible to prune the fully connected interconnect without
losing any performance in cycle count. For our benchmarks, one third of the
possible links account for about 95% of all the data transfers. This allows for a
more energy-efficient implementation and also improves the cycle time. How-
ever, the boost in performance comes at a cost of both instruction bandwidth
and static code size: the FlexCore instructions are about three times as wide as
a 32-bit GPP instruction. The number of static instructions is reduced for the
FlexCore, but not by a factor of three. Therefore, the static code size will be
larger for an application compiled for FlexCore. A reconfigurable instruction
decoder, as proposed in the FlexSoC framework, is clearly needed to reduce
both the static code size and the instruction bandwidth.

Future work includes evaluating a reconfigurable instruction decoder to-
gether with FlexCore. Different compression schemes can be expected to be
more or less suited to the ISA transformations needed, and to carry different
implementation costs. Configuration of the instruction decoder could be a one-
time event; but run-time, on-demand reconfiguration offers intriguing possibil-
ities, where several tasks, each with a distinct AS-ISA, could share the same
hardware.
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A Flexible Datapath Interconnect
for Embedded Applications

We investigate the effects of introducing a flexible interconnect into an exposed
datapath. We define an exposed datapath as a traditional GPP datapath that has
its normal control removed, leading to the exposure of a wide control word. For
an FFT benchmark, the introduction of a flexible interconnect reduces the total
execution time by 16%. Compared to a traditional GPP, the execution time for
an exposed datapath using a flexible interconnect is 32% shorter whereas the
energy dissipation is 29% lower. Our investigation is based on a cycle-accurate
architectural simulator and figures on delay, power, and area are obtained from
placed-and-routed layouts in a commercial 0.13-pm technology. The results
from our case studies indicate that by utilizing a flexible interconnect, signifi-
cant performance gains can be achieved for generic applications.
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B.1 Introduction

Previous studies [1, 2] have shown that by exposing the datapath, through the
use of a wide control word, significant performance gains can be obtained. With
an exposed datapath the compiler/programmer gets total control of the resources
of the datapath for each executed cycle. This may allow for a more efficient uti-
lization of datapath resources when scheduling an application’s operations onto
the datapath, since the compiler is not limited to the fixed control given by
an Instruction Set Architecture (ISA). The previous studies focused on hard-
ware/software co-design in that a datapath was crafted to a specific application,
or possibly to an application domain. The performance for an application can
indeed be drastically improved by adapting the datapath to the specific needs of
resources and communication paths. However, adapting the datapath to a par-
ticular application’s needs will most likely hamper the datapath’s performance
when used for other applications.

A study on a Discrete Cosine Transform (DCT) application showed a 20%
reduction in execution time, when the datapath of a MIPS processor became
exposed [1, 2]. The DCT study indicates that the performance of a General Pur-
pose Processor (GPP), whose datapath and control traditionally are co-optimized
for general-purpose processing, can benefit from exposing the datapath. How-
ever, when introducing the concept of an exposed datapath, it may be wise to
reconsider what datapath components and interconnects that we use. After all,
the datapath of a traditional GPP has been carefully optimized together with its
ISA. Thus, it may be possible to further improve the general-purpose process-
ing efficiency by adapting the datapath to the use of an exposed, wide control

word.

In this study, the overall purpose is to ascertain if a flexible interconnect, in
combination with the exposed datapath, can offer performance gains for both
general-purpose and dedicated processing. The insertion of a flexible intercon-
nect allows data to be efficiently routed between datapath units, thus, potentially
improve the utilization of these units, beyond what was possible by the opti-
mized ISA. We will later show that the execution time indeed can be reduced
by introducing a flexible interconnect into an exposed GPP datapath.
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The interconnect evaluation is conducted on an experimental platform called
FlexCore, which has been developed within the FlexSoC project [3]. The Flex-
Core platform makes it possible to model different architectures having the
wide control word of an exposed datapath. Each modeled architecture is used
to evaluate application performance and to generate a Hardware-Description
Language (HDL) representation of the architecture. To obtain values on delay,
power, and area, each generated HDL representation is taken through a conven-
tional ASIC backend tool flow for a 0.13-xm technology.

This paper is organized as follows: The architectural and experimental frame-
work is presented in Section B.2 and B.3. Section B.4 presents the FFT case
study that has been conducted. Section B.5 presents the results from the case
study, followed by a discussion in Section B.6. The paper is finally concluded
in Section B.7.

B.2 Architectural Framework

To evaluate what is the impact on performance when introducing a flexible in-
terconnect into an exposed general-purpose datapath, three different architec-
tures have been compared against each other. The compared architectures are
illustrated in Figure B.1.

The first architecture is that of a traditional five-stage GPP pipeline, as
shown in Figure B.1(a). In a traditional GPP, the movements of data are re-
stricted to those defined by the Instruction Set Architecture (ISA) and the GPP’s
forwarding paths.

The second architecture is that of a GPP pipeline with an exposed datapath,
Figure B.1(b). Here the programmer/compiler has total control of the whole
datapath for each executed cycle. This makes the control more fine grained and
gives the compiler greater freedom to move data between the datapath units,
whose communication options are no longer dictated by an ISA.

To take advantage of a flexible interconnect, the control word needs to be
wider. A traditional GPP would not benefit from a flexible interconnect, since
its rigid (ISA-defined) control limits the communication paths that could have
been used in the datapath. Thus, the final architecture that we will evaluate
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Figure B.1: Illustrations of the three architectures that have been compared against

each other in this study.

is that of an exposed datapath that has a fully connected crossbar switch as
interconnect. Here all inputs and outputs of the datapath units are connected to
the interconnect switch, as shown in Figure B.1(c).

A fully connected interconnect can appear to be an overkill in terms of flex-
ibility. Still, we use this as a reference point for the maximum execution-cycle

performance improvement that can be achieved, when there are no restrictions
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on how data can move between the datapath units. A more realistic intercon-
nect is when some of the communications paths are removed; those with no or
negligible impact on application execution-cycle performance. This pruning of

communication paths reduces delay, power, and area for the interconnect.

We will in the following sections compare the conventional GPP in Fig-
ure B.1(a) to i) the exposed datapath in Figure B.1(b) and to ii) the exposed
datapath with a flexible interconnect in Figure B.1(c). This comparison will
enable us to distinguish what performance gains are the result of exposing the

datapath and what performance gains are the result of the flexible interconnect.

B.2.1 Modeling of the Architectures

We represent the three different architectures by using an experimental plat-
form called FlexCore [4, 5], which has been developed within the FlexSoC
project. The baseline FlexCore is inspired by a conventional single-issue, five-
stage processor, but its datapath is fully exposed through a 91-bit wide control
word (Figure B.2). The baseline FlexCore consists of four datapath units: a
register file, an Arithmetic Logic Unit (ALU), a Load/Store Unit (LS Unit), and
a Program Control Unit (PC Unit). All these datapath units are attached to a
fully connected interconnect of crossbar type. To allow for GPP functionality
each datapath unit’s output port is connected to a data register, which acts as
pipeline register in the various pipeline configurations that can be assembled
using the interconnect. To allow instructions to be scheduled on the FlexCore
in the same way as on a conventional five-stage pipeline, two data registers are
included (RegA and RegB in Figure B.2). These registers are traditionally used
in the execute and load/store stage of a five-stage GPP to allow data to bypass
the ALU and LS Unit.

The three different architectures that are to be compared can be viewed as
subsets of the FlexCore architecture. Actually, the third architecture, in which
the datapath is exposed and has a flexible interconnect, is identical to FlexCore.
We can represent the other two architectures simply by the way instructions are
scheduled and by limiting the communication paths to those available for the
architectures.
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A compiler has been created for the FlexCore architecture. This takes GPP
assembly code as input and schedules it as if the underlying architecture was a
five-stage pipeline. The instruction scheduling of GPP assembly code onto the
FlexCore architecture achieves an execution-cycle performance comparable to
that of a traditional GPP.

By utilizing the datapath units more efficiently through the exposed control
word, which can be viewed as a very expressive instruction, the instructions can
be scheduled within fewer cycles. We model the exposed datapath by manually
scheduling the instructions of an application for maximum datapath-unit uti-
lization, while obeying the constraint of the rigid communication paths of the
five-stage GPP datapath. Two examples of efficient scheduling are i) when we
choose not to write temporary values to the register file and ii) when pipeline
resources permit scheduling of instructions in parallel.

Similar to the exposed datapath, we model the exposed datapath with a flexi-
ble interconnect by using manual scheduling of the same part of the application.
However, now we have no restrictions on the communication paths: Any input
to a datapath unit can read its value from any output of all the datapath units.
This corresponds to a fully connected crossbar switch as interconnect, with all

inputs and outputs of the datapath units connected to it.
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B.3 Experimental Framework

A set of tools, consisting of a compiler, a cycle-accurate simulator, and a Hard-
ware-Description Language (HDL) generator, has been created for the FlexCore
architecture. These three tools are used in our study on flexible interconnects
and are consequently presented briefly in the following:

B.3.1 Compiler

The current version of the FlexCore compiler takes MIPS assembly code as
input and generates a set of so-called Native ISA (N-ISA) instructions, which
correspond to the instructions for the exposed datapath. The N-ISA instructions
can be used for simulation, either by using the FlexCore simulator or by using
standard HDL simulators with the HDL code obtained from the FlexCore HDL
generator.

The compiler assumes a logical five-stage pipeline for scheduling the MIPS
instructions onto the FlexCore architecture. For example, a fetched ADD in-
struction is translated into four partial N-ISA instructions. A partial N-ISA
instruction consists only of the control signals needed for a particular instruc-
tion in a particular pipeline stage. The four partial N-ISA instructions for an
ADD consist of: i) the control signals for reading the operands from the register
file, ii) the control signals for the ALU to take the operands from the register
file and perform an ADD operation, iii) the control signals to write the result
from the ALU to one of the buffers, in order to bypass the load/store unit, and
iv) the control signals for writing the result back to the register file.

The compiler performs static scheduling of the partial N-ISA instructions
from several MIPS instructions, such that they overlap as much as possible,
without causing conflicts between the control signals of different partial N-ISA
instructions. When the partial N-ISAs are statically scheduled, the operands
might not be available in the register file when they are to be read. The compiler
therefore has to keep track of which values in the register file are valid. If
a partial N-ISA instruction is requesting an invalid value from the register file,
the compiler tries to either forward the value from the datapath or that particular
instruction has to be delayed until the requested value is available.
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The compiler does not have support for forwarding between N-ISA instruc-
tions from different basic blocks. This can cause a minor performance penalty
compared to a conventional GPP, which uses dynamic forwarding.

It is currently only possible to take advantage of the fine-grained control of
the exposed FlexCore datapath by doing manual scheduling of the operations
to be performed. The FlexCore compiler therefore supports inline N-ISA in-
struction in the MIPS assembly code. The inline N-ISA instruction is written as
Register Transfer Notations (RTNs) that are subsequently translated to N-ISA
instructions by the compiler.

B.3.2 Cycle-Accurate Simulator

The simulator is a cycle-accurate model of a FlexCore implementation. The
simulator takes the generated N-ISA code of the compiler as input and executes
the application until it exits. The simulator has support for profiling of executed
instructions as well as gathering statistics on resource utilization of the different

FlexCore datapath units.

B.3.3 HDL Generator

The HDL generator allows a user to specify what datapath units a particular
FlexCore implementation consists of and how they are connected to the inter-
connect. The generator has support for specifying which ports in the intercon-
nect that should be connected with each other; specifically which input ports
that are connected to a specific output port.

The generated HDL code can be taken through a conventional ASIC back-
end flow, in order to get accurate estimates on area, delay, and power. The
generated HDL code can also be used in conventional HDL simulators, to-
gether with the instruction code from the compiler, to simulate the behavior
of a FlexCore. Such simulations are routinely used to confirm the results from
the cycle-accurate simulator.
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B.4 Interconnect Evaluation

Performance comparisons of the different architectures have been conducted by
running the Fast Fourier Transform (FFT) benchmark from the Embedded Mi-
croprocessor Benchmark Consortium (EEMBC) [6] on each architecture using
the FlexCore cycle-accurate simulator. The FFT benchmark is part of EEMBC’s
TeleBench suite and implements a decimation-in-time 256-point 16-bit FFT us-
ing a butterfly technique. To get estimates on delay, power, and area, each archi-
tecture has been generated using the FlexCore HDL generator and subsequently

taken through synthesis and place-and-route.

B.4.1 FFT Application Scheduling

The FFT application was chosen for this study because of its reasonable size.
This makes it possible to manually schedule a significant portion of the algo-
rithm onto the investigated architectures, thus, allowing us to study and compare
the performance gains for exactly the same software application.

The manual scheduling was done by compiling the C-code for the FFT ap-
plication to MIPS assembly. The MIPS assembly was subsequently fed to the
FlexCore compiler, which generated the final N-ISA instructions. The gener-
ated code was profiled with the help of the simulator and the FFT application’s
computational kernels were identified. The FFT application starts with a setup
phase, in which data and twiddle factors are generated, before the actual FFT
computation is carried out. The setup is done once, after which it is possible to
execute multiple FFT computations.

The FFT computation has one clearly identifiable computational kernel,
consisting of three nested loops. More than 73% of the total execution time is
spent in the inner-most loop, when 100 FFT computations are carried out. This
particular code segment has therefore been the target for manual scheduling.
Not surprisingly, the code of the inner-most loop corresponds to the computa-
tions of a single FFT butterfly.

The manual scheduling was performed without any algorithmic changes to
the FFT application. The MIPS assembly of the inner-most loop was simply
exchanged with inline RTN code. In the scheduling procedure we took each
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MIPS instruction and scheduled it as early as possible onto the given datapath.
If there exist no resource conflicts with already scheduled instructions, we might
schedule the instruction that we currently consider earlier than what the MIPS
assembly would suggest. The instruction order might therefore have changed.
Unnecessary utilization of resources is avoided by, for example, not writing
back temporary values to the register file.

To fully take advantage of the exposed datapath for general applications,
there needs to be support by the compiler for efficient scheduling of computa-
tions onto the datapath. This is addressed not only in the FlexSoC project, but
also in other research projects, such as that by Reshadi et al [7], even though
their compiler targets co-design.

B.4.2 Hardware Implementation

The FlexCore HDL generator has been used to generate the architectures by
specifying the communication paths that are available in the different datapaths.
For this particular study, the baseline FlexCore has been extended with a 32-bit
multiplier, which is pipelined in two stages. The two inputs to the multiplier
are directly connected to the interconnect. Between the output of the multiplier
and the interconnect we have inserted two 32-bit registers, where one holds the
32 most significant bits and the other holds the 32 least significant bits of the
result.

In neither of the three different architectures, control logic and instruction
fetch power were accounted for. By focusing on the datapath, the impact of the
interconnect can be separated from the intrinsic gains of exposing the datapath,
to avoid observing differences in delay and power that are due to different ways
of handling the control or requirements on memory bandwidth. What implica-
tions various types of control have on the overall performance is an issue which
is being addressed within the FlexSoC project.

When we discard the control logic and instruction fetch circuitry of the GPP
datapath in Figure B.1(a), this datapath is exactly the same as that of the exposed
datapath. Figure B.3 shows a detailed schematic of the communication paths
that are available to the GPP and the exposed datapath. The datapath is inspired
by the DLX and MIPS R2000 datapaths [8]. The multiplier is an intrinsic part
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Figure B.3: Schematic of the datapath for the GPP and exposed datapath. Only the

communication paths for data are shown, without any control signals.

of the datapath and takes its inputs from the register file. To improve perfor-
mance, it is possible to forward results from the ALU and LS Unit directly. The
output registers of the multiplier do not work as traditional pipeline registers,
where a new value is clocked in for each new clock cycle. Instead these reg-
isters function such that they hold the result from the previous multiplication
until a new multiplication is performed. This is to support the semantics of a
GPP which uses move instructions to move data from the output registers to the

register file.

The datapath which uses the flexible interconnect was generated by speci-
fying the communication paths, such that an input port to a functional unit can
be connected to any output port of any functional unit. This creates a fully

connected crossbar switch as interconnect.

Figure B.4 illustrates how the crossbar switch is constructed out of a number
of switchboxes. Each input to a datapath unit (in Figure B.3) as well as to
the two registers RegA and RegB are connected to its own switchbox. Each
switchbox is in turn connected to all the outputs of the datapath units. The
switchbox functions as a multiplexer, according to Figure B.S5.
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The generated designs were taken through a synthesis and place-and-route
flow [9, 10] for a commercial 0.13-xm technology. Delay and power estimates
were obtained from resistance and capacitance extracted placed-and-routed de-

signs.

B.5 Results

The three architectures were simulated with the FlexCore simulator running an
application in the form of 100 consecutive FFT computations. Table B.1 sum-
marizes the number of executed cycles for the whole application and the man-
ually scheduled inner-most loop, respectively, for each architecture. Table B.1
shows that by deploying only the concept of exposed datapath, the inner-loop
cycle count was reduced with as much as 30% compared to a traditional five-
stage GPP. But by exploiting a fully connected interconnect, we show that the
inner-loop cycle count can be improved with a further 20% compared to only

utilizing the benefits of an exposed datapath.
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We also observe that for the FFT application as a whole, the cycle count
reductions are not as dramatic. This is because here almost 30% of the executed
instructions have not been manually scheduled and therefore do not benefit from
neither the exposed datapath nor the flexible interconnect.

Table B.1: Simulated Application Cycle Count

Datapath Whole Application Inner Loop

GPP 5 877 569 (100%) | 4 300 800 (100%)
Exposed Datapath | 4 750 769 ( 81%) 3072 000 ( 71%)
Fully Connected 3803 669 (65%) | 2150400 ( 50%)

The delay, power, and area estimates of the different architectures are shown
in Table B.2. Since the control has been excluded for all architectures, the es-
timates for the GPP and exposed datapath are the same. The fully connected
interconnect increases the delay by 11% and the area by 15%. This is a reason-
able overhead for the flexible interconnect, considering the application cycle
count speedups. The power on the other hand is 23% higher than for the GPP

and the exposed datapath, which indicates a high overhead for the interconnect.

Table B.2: Delay, Power, and Area Estimates

Datapath Delay (ns) | Power (mW) | Area (mm?)
GPP 2.25 (100%) | 6.57 (100%) | 0.35 (100%)
Exposed Datapath | 2.25 (100%) | 6.57 (100%) | 0.35 (100%)
FlexCore 249 (111%) | 8.07 (123%) | 0.40 (115%)
Tailored 2.36 (105%) | 6.83 (104%) | 0.37 (106%)

Due to the high power dissipation for the fully connected interconnect, an
interconnect was tailored for the FFT application. We designed this tailored
interconnect by first simulating the architecture with a fully connected inter-
connect, using the FFT application and its manual scheduling. In a subsequent
phase we extracted statistics of which communication paths that were utilized

during the simulation. We used the statistics to restrict the communication paths
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by pruning the interconnect in the FlexCore generator. In order to not lose any
general-purpose processing efficiency, we made sure that none of the commu-
nication paths that exist in the GPP datapath were removed from the intercon-
nect. Like for the other three architectures, the generated HDL code was taken
through an ASIC backend flow.

With the tailored interconnect the power overhead is reduced from 23% to
only 4% and the area overhead is reduced from 15% to 6% compared to the
GPP. The delay for the tailored interconnect is also reduced from 11% to 5%.

Flexible interconnects appear to be at a slight disadvantage, in terms of de-
lay and power dissipation. However, total application performance in terms of
execution time (cycle count x clock period) and energy dissipation (execution
time x power dissipation) should be considered next to delay and power. The
FFT application runs 28% faster on the datapath that uses a fully connected in-
terconnect, as compared to that of a traditional GPP. Thanks to its shorter clock
period, the tailored interconnect performs even better, with a 32% reduction of
the execution time (Table B.3).

Table B.3: FFT Application Execution Time and Energy Dissipation

Datapath Execution Time (ms) | Energy Dissipation (1)
GPP 13.2 (100%) 86.7 (100%)
Exposed Datapath 10.7 ( 81%) 70.3 (81%)
Fully Connected 9.5 (72%) 76.7 ( 88%)
Tailored 9.0 (68%) 61.5(71%)

When considering energy dissipation for executing the FFT application the
architecture with the fully-connected, flexible interconnect performs 12% better
than that of a traditional GPP, even though the flexible interconnect dissipates
23% more power. The tailored interconnect is not only the fastest solution
but also the most energy efficient, with a 29% energy reduction compared to a
conventional GPP.
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B.6 Discussion

The results in the previous section clearly show that the rigid interconnect of a
GPP datapath restricts the performance potential of an exposed datapath. On
the other hand, a fully connected interconnect has high power dissipation. It is
therefore interesting to further discuss if it is possible to create an interconnect
that allows the full potential of exposed control to be exploited without leading
to the somewhat high power dissipation of a fully connected interconnect.

The tailored interconnect for the FFT application shows that it is possi-
ble to reduce the number of communication paths without any degradation in
execution-cycle performance. We will here give a short analysis of i) what paths
helped to increase performance and ii) what paths in the fully connected inter-
connect that have not contributed to any performance improvement for the FFT
application.

When we manually scheduled operations onto the exposed datapath with the
rigid interconnect, some architectural shortcomings became evident. A major
shortcoming is that when making a load or store to the memory the address has
to come from the ALU, even though the address might already exist somewhere
else in the pipeline. Similarly the data for the store instruction can only be read
from RegA, Figure B.3. This leads to a waste of resources that could have been
used for other operations.

In a more flexible interconnect, data and address to the load/store unit can
be read from several datapath units. Further, with a flexible interconnect RegA
and RegB can be used for temporary storage. Such a temporary storage is useful
in order to distribute write requests to the register file over time, since writes to
the register file can be delayed until the write port becomes available. It can
also be used to eliminate writes to the register file, if the data exists for short
time and is to be consumed by one of the datapath units. This is not possible in
the GPP datapath, because RegA and RegB get contaminated by ALU and store
operations.

The improvements to the interconnect that are listed above are generic, and
their effect on the execution of the FFT application can be observed also for
the tailored, but still flexible interconnect. Table B.4 shows the communica-
tion paths used by the FFT application, when it has been scheduled for a fully
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connected interconnect. The table notation is as follows: A FFT in the matrix
indicates that the communication path between the output port on the left hand
side and the input port stated at the top is utilized by the benchmark. The paths
marked by FFT, together with those marked with GPP, are those of the tailored
interconnect. Table B.5 lists those communication paths that are not available
in the traditional GPP datapath. Here we see that, in comparison to the GPP
datapath, there exist more paths to the LS Unit, and to and from RegA and
RegB. There are also more direct paths to and from the register file, which is a
consequence of the fact that data for store instructions are not moved through
RegA and that ALU results are not being moved through RegB.

By looking at what paths that can be pruned away from a fully connected in-
terconnect, we directly realize that some of the communication paths contribute
very little to increase the performance. For example, there is little need for a
communication path from the LS Unit’s output to its data input. The only time
this path would be used is if data is to be moved from one memory location
to another'. If this operation would be necessary it is still possible to use, for
example, RegA to temporarily store the data, and then forward it to the LS data
input port. There are other paths we can prune away; we can restrict the connec-
tions between datapath units with several output ports and datapath units with
several input ports. An example of this would be to connect the register file with
the ALU in the same way as for the GPP datapath in Figure B.3. Here only one
output port of the register file is connected to each input of the ALU. All the
listed path restrictions to a fully connected interconnect have no or negligible
impact on the execution-cycle performance of an application.

Considering the FFT application we see that the output of the LS Unit is
never used by the LS Unit itself. The possibility of only connecting one of the
output ports of a datapath unit to one of the input ports of another datapath unit
that has several input and output ports has also been exploited. Further, we see
that the PC output port, which is used for immediate values and for storing the
program counter on a jump-and-link instruction, is only connected to the ALU.
In a more general application, a communication path to the register file would
be suitable for easy storage of the program counter.

"Movement of larger amounts of data would be best served by a DMA unit, if available.
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Table B.5: Non-GPP Interconnect Paths in the Tailored Interconnect

From To

Register File | Register File
Register File | LS Address
Register File | LS Data
Register File | RegB

ALU Register File
ALU LS Data
RegA ALU

RegA LS Address
RegA MULT
RegB LS Address
Multiplier RegA

The tailored interconnect for the FFT application addresses the major com-
munication-path drawbacks of the rigid GPP interconnect. It should be noted
that it does not limit the communication paths in a way that would hamper the
cycle-count performance for other applications. Minor improvements could be
made to the tailored interconnect, such as adding a communication path be-
tween the PC’s output port and the register file.

To evaluate the generality of the tailored interconnect, we manually sched-
uled parts of the Autocorrelation benchmark (here called AutoBench) from
EEMBC’s TeleBench suit. The execution cycle-time improvements for the ex-
posed datapath and the datapath with a fully connected interconnect are similar
to those for the FFT application, see Table B.6. The exposed datapath handles
load and store instructions poorly, since the ALU is always utilized for these
operations. This can be clearly observed by the low performance improvements
for the exposed datapath. A flexible interconnect allows the ALU to be used
for useful operations in parallel with load instructions in AutoBench. This can
be noted by the significant performance improvements for the fully connected
datapath.
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Table B.6: Cycle Count, Execution Time and Energy Estimations for AutoBench

Datapath Cycle Count | Exec. Time (us) | Energy (uJ)
GPP 168k (100%) 378 (100%) 2.5 (100%)
Exposed Datapath | 150k ( 89%) 338 (89%) 2.2 (88%)
Fully Connected 118k ( 70%) 294 ( 78%) 2.4 (96%)
Tailored 118k ( 70%) 278 ( 74%) 1.9 (76%)

Table B.7 shows the interconnect paths used by AutoBench that are not part
of a traditional GPP. The number of added paths are not as many as for the FFT
benchmark, but what is important is that the added paths are a subset of the in-
terconnect that was tailored for the FFT application. This allows AutoBench to
be as efficiently scheduled on the tailored interconnect as on the fully connected
interconnect.

Table B.7: Non-GPP Interconnect Paths used by Autocorrelation

From To

Register File | Register File
Register File | LS Address
ALU Register File
RegA MULT

The tailored interconnect exhibits significant execution time and energy im-
provements (Table B.3 and B.6) and has shown that it can cater for the needs of
the FFT and Autocorrelation benchmarks. We believe that these improvements
are likely to apply also for other embedded applications, as argued for in this
section.

B.7 Conclusion

The introduction of a tailored interconnect to an exposed GPP datapath has been

shown to reduce the total execution time for an FFT and an autocorrelation ap-
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plication with 26-32%. Further, the tailored interconnect also reduce the total
energy dissipation for the two applications with 24-29%. The tailored inter-
connect has been evaluated with only two applications, but the construction of
the interconnect has been done such that it does not hamper the performance
of general-purpose processing. In fact, the tailored interconnect should give an
improved performance not only for dedicated applications, but also for most
general-purpose applications.
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The Case for HPM-Based
Baugh-Wooley Multipliers

The modified-Booth algorithm is extensively used for high-speed multiplier cir-
cuits. Once, when array multipliers were used, the reduced number of gener-
ated partial products significantly improved multiplier performance. In designs
based on reduction trees with logarithmic logic depth, however, the reduced
number of partial products has a limited impact on overall performance. The
Baugh-Wooley algorithm is a different scheme for signed multiplication, but
is not so widely adopted because it may be complicated to deploy on irregu-
lar reduction trees. We use the Baugh-Wooley algorithm in our High Perfor-
mance Multiplier (HPM) tree, which combines a regular layout with a loga-
rithmic logic depth. We show for a range of operator bit-widths that, when
implemented in 130-nm and 65-nm process technologies, the Baugh-Wooley
multipliers exhibit comparable delay, less power dissipation and smaller area
foot-print than modified-Booth multipliers.
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C.1 Introduction

Multiplication is an important arithmetic operation and multiplier implemen-
tations date several decades back in time. Multiplications were originally per-
formed by iteratively utilizing the ALU’s adder. As timing constraints became
stricter with increasing clock rates, dedicated multiplier hardware implementa-
tions such as the array multiplier were introduced. Since then ever more sophis-
ticated methods on how to implement multiplications have been proposed. One
of the more popular implementations is that of the modified-Booth recoding
scheme together with a logarithmic-depth reduction tree and a fast final adder.
Modified-Booth recoding has the advantage of reducing the number of gen-
erated partial products by half, compared to partial-product generation based
on 2-input AND-gates. This fact decreases the size of the reduction circuitry,
which commonly is a logarithmic-depth reduction tree, e.g. Wallace, Dadda
or TDM. Since such reduction trees are infamous for their irregular structures,
which make them difficult to place and route during the physical layout of a
multiplier, a decreased size of the reduction circuit eases the implementation
and improves the performance of the multiplier.

Modified-Booth implementation strategies are commonly motivated by the
need for fast multipliers. However, with the ongoing integration trend for which
power dissipation is an ever pressing concern, modified Booth is no longer the
obvious implementation choice. Already in 1997 Callaway et al. showed that,
for a 2 um process technology, a Wallace multiplier is more energy efficient
than a modified-Booth multiplier [1]. Even though power has become a bigger
concern since then, the modified-Booth multiplier is still prevailing as the main
implementation choice for high-speed multipliers.

In this paper we compare a multiplier based on the modified-Booth algo-
rithm against one based on the less used Baugh-Wooley algorithm. As will be
shown in Sec. C.8, a Baugh-Wooley multiplier implemented in a 130-nm and
65-nm process technology is more power and energy efficient than a modified-
Booth multiplier of equal bit-width. This efficiency comes with only an in-
significant increase in delay. We will subsequently show that the high power
dissipation makes modified Booth a poor implementation choice for high-speed
multipliers.
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C.2 Modified-Booth Multiplication

The original Booth algorithm [2] for the multiplication s = = X y recodes par-
tial products by considering two bits at a time of one of the operands (z) and
encoding them into {—2, —1, 0, 1, 2}. Each such encoded higher-radix number
is subsequently multiplied with the second operand (y), yielding one row of re-
coded partial-product bits. The advantage of Booth recoding is that the number
of recoded partial products is fewer than the number of un-recoded partial prod-
ucts, and this can be translated into higher performance in the circuitry, which
reduces all partial-product bits into the final product.

The drawback of the original Booth algorithm is that the number of recoded
partial products depends on input operand z, which makes this algorithm unsuit-
able for implementation in hardware. The modified-Booth (MB) algorithm [3]
by MacSorley remedies this by looking at three bits at a time of operand x.
Then we are guaranteed that only half the number of partial products will be
generated, compared to a conventional partial-product generation using 2-input
AND gates. Since it has a fixed number of partial products, the MB algorithm
is suitable for hardware implementation.

An MB multiplier works internally with a two’s complement representation
of the partial products, in order to be able to multiply the encoded {—2, —1}
with the y operand. To avoid having to sign extend the partial products, we are
using the scheme presented by Fadavi-Ardekani [4]. In the two’s complement
representation, a change of sign includes the insertion of a ’1” at the least signif-
icant bit (LSB) position (henceforth called LSB insertion). To avoid an irregular
implementation of the partial-product reduction circuitry, we draw on the idea
called modified partial-product array [5]. Here, the impact of LSB insertion on
the two least significant bits positions of the partial product is pre-computed.
The pre-computation redefines the LSB of the partial product (Eq. C.1 in [5])
and moves the potential *1’, which results from the LSB insertion, to the second
least significant position (Eq. C.2). Note that our Eq. C.2 is different from the
corresponding equation used in [5]. Fig. C.1 illustrates an 8-bit MB multipli-
cation using sign extension prevention and the modified partial-product array
scheme.
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PLsBi = Yo(T2i—1 © T2;) (C.1)

a; = T2i+1(T2i—1 + T2; + YrsB + T2i + YrsB + T2i—1) (C2)

Y7 Y6 Y5 Ya Y3 Y2 Y1 Yo
X7 Xe Xs X4 X3 Xo X1 Xo
Pso P70 Pso Pso Pao P30 P20 P10 Pusso
Ps1 P71 Pe1 Psi Pair P31 P21 P11 Pus
Ps2 P72 Ps2 Ps2 Paz P32 P22 P12 Puse

P83 P73 P63 Ps3 Paz P33 P23 P13 Puss
1 0 1 0 1 0 1 1 ds ds a; do
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Figure C.1: lllustration of an 8-bit modified-Booth multiplication.

C.2.1 Modified-Booth Implementation

The implementation of the MB multiplier utilizes the regular reduction tree of
the High Performance Multiplier (HPM) [6]. In Fig. C.2 the reduction tree of
an 8-bit MB implementation is shown. The long arrows with *1”’s and a;’s show
the places where these signals, which are in the lower row of the partial-product
rhomboid in Fig. C.1, have been inserted into the reduction tree. The figure
does, however, not show the MB recoding circuits.

The MB recoding logic can be designed in many different ways. For the
subsequent comparison we have chosen to implement two different, recent re-
coding schemes. The first recoding scheme is the one presented by Yeh et
al. [5], since this is claimed to be faster than many previous schemes. The

circuits for encoding and decoding using this scheme are shown in Fig. C.3.
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Figure C.2: 8-bit modified-Booth multiplier using an HPM reduction tree. For simplic-
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ity, the modified-Booth recoding logic is not shown. Furthermore, a simple ripple-carry
adder is used as final adder.
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Figure C.3: Modified-Booth recoding circuits according to Yeh et al..

We have also chosen to implement the recoding scheme of Hsu et al. [7].
We chose to implement this recoding scheme because it is a recent one, showing
promising results. The encoding and decoding circuits are shown in Fig. C.4.
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Figure C.4: Modified-Booth recoding circuits according to Hsu et al..

C.3 Baugh-Wooley Multiplication

The Baugh-Wooley (BW) algorithm [8] is a relatively straightforward way of
doing signed multiplications; Fig. C.5 illustrates the algorithm for an 8-bit case,
where the partial-product bits have been reorganized according to Hatamian’s
scheme [9]. The creation of the reorganized partial-product array comprises
three steps: i) The most significant bit (MSB) of the first N — 1 partial-product
rows and all bits of the last partial-product row, except its MSB, are inverted. ii)
A1’ is added to the Nth column. iii) The MSB of the final result is inverted.

C.3.1 Baugh-Wooley Implementation

To the best of our knowledge, performance investigations in the open literature
concerning BW implementations have exclusively been based on reduction ar-
rays, in the spirit of the original paper [8]. In this investigation, however, we
have chosen to implement the BW algorithm on the HPM reduction tree [6]
instead.
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Figure C.5: Illustration of an 8-bit Baugh-Wooley multiplication.

Implementing the BW multiplier based on the HPM tree is as straightfor-
ward as the basic algorithm itself. The partial-product bits can be generated by
using a 2-input AND gate for each pair of operand bits. In the case a partial-
product bit should be inverted, we employ a 2-input NAND gate instead. The
insertion of ’1” in column N is easily accommodated by changing the half adder
at top of row N to a full adder with one of the input signals connected to *1°".
Finally, the inversion of the MSB of the result is done by adding an inverter. The
final result of the implementation of the BW algorithm is depicted in Fig. C.6.

C.4 An Initial Gate-Level Study

A widespread belief is that the number of rows of partial-products bits has large
impact on the total time to carry out a multiplication. For sequential multipliers,
where for each cycle one of the operands is added to a partial result, the number
of partial products to be added is indeed critical. Here, the reduction in rows
resulting from Booth encoding has a direct and significant effect on the cycle
count for a complete multiplication.

!The full-adder circuit can consequently be simplified, since one of its input signals is statically
defined.
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Figure C.6: 8-bit Baugh-Wooley multiplier using an HPM reduction tree. For simplicity,

the AND/NAND gates for partial-product generation are not shown. Furthermore, a

simple ripple-carry adder is used as final adder.

At the time when the modified-Booth (MB) and Baugh-Wooley (BW) algo-
rithms were introduced (in 1961 and 1973, respectively) hardware multipliers
were at best built as an array of full adders. In an array multiplier, each row of
partial-product bits adds one full adder to the logic depth of the multiplier?; in
this context the reduction in partial-product rows resulting from MB has great
effect on timing.

However, in dedicated high-performance multipliers that are built around a
reduction tree, the number of rows becomes less critical, because of the loga-
rithmic nature of the gate structure of the tree. With today’s logarithmic-depth
reduction trees, such as TDM, Wallace, Dadda, and HPM, the logic depth in-
creases with the logarithm of the maximum number of adders in a column. The
logic depth for the HPM is shown in Table C.1. The logic depth is here defined
as the maximum number of adders that have to be traversed to reach the final

ZWith the exception of the first two rows of partial products, which only result in one row of full
adders.
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adder in an HPM tree built out of 3:2 adders (full adders). To be able to evaluate
the logic depth of the reduction tree for BW and MB, the logic depth is given for
the maximum number of adders in a column, instead of for the operand width

of the multiplier.

Table C.1: Logic depth through the HPM tree, with respect to the maximum number of

adders in a column.

Maximum number | Logic depth
of adders (A)
A=1
A=2
3<A<A4
5<ALT
8<AL1
12< AT
18 <A <26
27 < A <40
41 < A<61
62 < A<92

O 00 3 O L AW N~

—
)

The maximum number of adders in a column of the HPM reduction tree,
for a certain operand width of BW and MB, can be obtained through the simple
relation in Table C.2.

Table C.2: Maximum number of adders in a column of the HPM tree based on the

partial-product generation according to Baugh-Wooley and modified Booth.

Operand width Maximum number of adders
Baugh-Wooley | Modified Booth
N N -2 N/2 -1

By combining the information on the logic depth through the HPM reduc-
tion tree, Table C.1, and the relation between the maximum number of adders
and the operand width, Table C.2, we can obtain the logic depth for different
operand widths of the BW and MB implementations. The results are given in
Table C.3.
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Table C.3: Logic depth through the HPM reduction tree based on the partial-product

generation according to Baugh-Wooley and modified Booth.

Operand width Logic depth Difference in
Baugh-Wooley | Modified Booth | logic depth
8 4 3 1
16 6 4 2
32 8 6 2
40 8 7 1
48 9 7 2
54 9 7 2
60 9 8 1
64 10 8 2

As Table C.3 shows, the logic depth of the reduction tree designed for
modified Booth is at best two full-adder delays shorter than that designed for
Baugh-Wooley, for operand widths up to at least 64 bits. The shorter logic
depth through the MB reduction tree comes at the cost of a partial-product gen-
eration circuit that is more complex than that of BW, whose partial-product
generation circuit utilizes only a simple 2-input AND-gate for each generated
partial-product bit.

The conclusion of this initial gate-level study is that it is certainly not obvi-
ous that the deployment of the modified-Booth algorithm onto a fast reduction
tree yields a faster implementation than a corresponding Baugh-Wooley imple-

mentation.

C.S Multiplier Evaluation Setup

To evaluate the different multiplier designs a multiplier generator [10] was cre-
ated. This generator is capable of generating gate-level VHDL netlist descrip-
tions of modified-Booth (MB) and Baugh-Wooley (BW) multipliers of vari-
ous operand sizes, according to the schemes presented in the previous sections.
Both the MB recoding scheme of Yeh et al. and Hsu ef al. have been imple-
mented. All netlists are based on the regular reduction tree of a High Perfor-
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mance Multiplier (HPM) [6], based on 3:2 adder (full adder) cells. A Kogge-
Stone [11] adder is used as the final adder, placed on the reduction tree outputs.

By exhaustively simulating all input patterns and verifying the result using
Cadence NC-VHDL [12], the VHDL generator was verified to generate func-
tionally correct multiplier netlists of sizes up to at least 16 bits. For multipliers
larger than 16 bits, the functionality of each multiplier size was verified for a
random pattern of one million vectors.

The VHDL descriptions were synthesized using Synopsys Design Com-
piler [13] together with a commercially available 1.2 V 130-nm process tech-
nology. The synthesized netlist was taken through place and route using Ca-
dence Encounter [14]. To create a common input and output interface to the
multipliers and to enable higher place and route quality from the EDA tools,
which do not handle purely combinatorial circuits well, registers were placed
on the inputs and outputs of the multipliers. Delay estimates were obtained
after RC extraction from the placed and routed netlists. Power estimates were
derived from the same netlists, using value change dump (VCD) data from sim-
ulations of 10,000 random input vectors. All delay, power, and area figures that
we present, include the input and output registers on the multipliers and are for
the worst case corner at 1.08V.

Initially, the timing constraints were systematically set so as to push the
limits of the timing that can be achieved for each generated VHDL descrip-
tion. This guarantees that a very fast implementation is obtained, however, the
power dissipation becomes prohibitively high, due to excessive buffering and
resizing of gates. Therefore, for each implementation, the timing was subse-
quently relaxed with 100, 300, and 600 ps, respectively, relative to the fastest
timing obtained. Correspondingly, power estimates were obtained for each tim-

ing constraint.

C.6 Modified-Booth Multiplier Evaluation

Before we can compare a modified-Booth (MB) multiplier with a Baugh-Wooley
(BW) multiplier, we first have to ascertain which of the previous two MB re-
coding schemes is best. The first scheme was that of Yeh et al. [5], as shown
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in Fig. C.3, while the second scheme was that of Hsu ef al. [7], as shown in
Fig. C.4. The original circuit of Hsu uses transmission gates in the decoding
circuit. However, with the cell library used for this evaluation we are limited to

tristated inverters, which may hamper the efficiency of this scheme.

C.6.1 Yeh Recoding

If we consider the fanout for the recoding circuits of the MB multiplier us-
ing the Yeh recoding scheme, we notice that each decoder needs to drive N
decoders, for a multiplier of size N. To find a trade off between the fanout
of the z-inputs that drive the encoders and the fanout of the encoder output
signals, we instantiate more than one encoder for the N decoders associated
with one partial-product bit row. To reduce the load of the z-inputs, we use
minimum-size inverters to buffer all three inputs of the encode circuit, as shown

in Fig. C.7.
Neg %ﬁ%— Xai+1
z ‘Q@_OQ_ X2i
X1 ‘OCC(\L °<}_ X2i-1
e

Figure C.7: Buffered encode circuit for fanout reduction.

To find a good trade off between the fanout of the z-inputs and the outputs of
the encoding circuit, we varied the maximum number of decode circuits that are
connected to a single encode circuit. The netlists of 32- and 64-bit multipliers
with a maximum of 12, 16, or 20 decoders per encoder, were taken through
synthesis, placement, and route. The delay and energy-per-operation can be
found in Table C.4. As can be seen from the table, the minimum delay that can
be achieved differs only with 30 ps (less than 1%) for the 64-bit case. However,
the difference in energy-per-operation is more than 4 pJ (3%). Taking energy



C.6. MODIFIED-BOOTH MULTIPLIER EVALUATION 95

into consideration, a maximum fanout of 16 decoders per encoder appears to
offer a good trade off between delay and energy.

Table C.4: Delay and energy dependency on fanout for the MB multiplier using a Yeh

recoder.
Maximum Number of Decoders per Encoder
Width 12 16 20
16 2.82 (ns) 9.24 (pJ) | 2.79 (ns) 9.04 (pJ) | 2.79 (ns) 9.04 (pJ)
32 3.69 (ns) 32.5 (pJ) | 3.68 (ns) 32.6 (pJ) | 3.65 (ns) 31.1 (pJ)
64 4.51 (ns) 135 (pJ) | 4.52 (ns) 133 (pJ) | 4.54 (ns) 137 (pJ)

C.6.2 Hsu Recoding

When we conduct the fanout investigation for the Hsu recoding scheme, we
discover that the fanout for the z-inputs is reduced by adding minimum-sized
inverters to all inputs of the encode circuits. The encode circuit is changed
accordingly so that the logical function is preserved. To reduce the fanout of
the encode circuits, the maximum number of decoders connected to a single
encoder is limited, and to reduce the fanout of the y-inputs, we insert a number
of inverters in parallel to buffer each input, so that each inverter drives a limited
number of decoders.

The netlists of 32- and 64-bit multipliers with various fanout configurations,
were taken through synthesis, placement, and route. The result for the 32-bit
and the 64-bit multiplier implementations is given in Table C.5 and Table C.6,
respectively. The choice of fanout configuration is not as straightforward as
for the Yeh recoding scheme. For the 32-bit implementations we see that the
configuration with 12 decoders per encoder and 10 decoders per inverter for
the y-input yields the fastest implementation. However, this recoding configu-
ration dissipates 9% more energy-per-operation than the implementation with
the lowest energy-per-operation. Now, since the configuration with the lowest
energy-per-operation also happens to be the second fastest, this is the most effi-
cient configuration of all. When we consider also the 64-bit implementations, it
is confirmed that 16 decoders per encoder and 10 decoders per inverter for the
y-input is a good choice for configuration.
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Table C.5: Delay and energy dependency on fanout for 32-bit modified-Booth multipli-

ers using a Hsu recoder. A row shows the maximum number of decoders per inverter for

the y-inputs.

Maximum Number of Decoders per Encoder

12 16 20
6 | 3.80 (ns)39.1 (pJ) | 3.84 (ns) 38.9 (pJ) | 3.83 (ns) 39.3 (pJ)
10 | 3.84 (ns) 39.8 (pJ) | 3.79 (ns) 37.1 (pJ) | 3.95 (ns) 38.9 (pJ)
14 | 3.70 (ns) 40.4 (pJ) | 3.80 (ns) 38.5 (pJ) | 3.83 (ns) 38.9 (pJ)

Table C.6: Delay and energy dependency on fanout for 64-bit modified-Booth multipli-

ers using a Hsu recoder. A row shows the maximum number of decoders per inverter for

the y-inputs.
Maximum Number of Decoders per Encoder
12 16 20
6 | 4.84 (ns) 166 (pJ) | 4.94 (ns) 156 (pJ) | 4.83 (ns) 152 (pJ)

10
14

4.79 (ns) 166 (pJ)
4.70 (ns) 175 (pJ)

4.80 (ns) 153 (p)
4.92 (ns) 163 (pJ)

5.21 (ns) 158 (pJ)
4.85 (ns) 168 (pJ)

C.6.3 Recoding Scheme Comparison

Already from the results of Tables C.4, C.5, and C.6 it is clear that the Yeh
recoding scheme outperforms the recoding scheme of Hsu. This is confirmed by
Fig. C.8 that shows the delay and power for 16-, 32-, 48-, and 64-bit multipliers
with the two different recoding schemes. Fig. C.8 shows the power dissipation
for different delay constraints. The leftmost point for each graph in the figure
depicts the shortest possible delay that is achieved using our evaluation setup.
The second, third and fourth point is when the timing constraint is relaxed with
100 ps, 300 ps, and 600 ps, respectively, relative the shortest possible delay.
From the figure it is clear that the Yeh recoding scheme is the best scheme both
in terms of delay and power.

We believe that the Hsu recoding scheme somewhat suffers from the fact
that our investigation is based on tristated inverters, rather than transmission
gates. At the same time we doubt that the improvement gained from using
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Figure C.8: Delay and power for modified-Booth multipliers of various sizes, using two

different recoding schemes.

transmission-gate cells would be so significant that the Hsu recoding scheme
would outperform the Yeh scheme.

C.7 Baugh-Wooley Multiplier Evaluation

The partial-product generation in the Baugh-Wooley (BW) implementation is
much simpler than the one used in the modified-Booth multipliers. This differ-
ence in complexity becomes apparent also when we deal with fanout. In the
BW multiplier each input drives [N 2-input AND-gates for an N-bit multiplier.
The effort to drive the AND-gates can simply be shared between a number of in-
verters that connect to the multiplier primary inputs. Table C.7 shows the result
of varying the maximum number of AND-gates connected to an inverter from
6 to 14 gates. The table shows that connecting 10 AND-gates to each inverter
yields both a fast and energy-efficient solution.
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Table C.7: Delay (ns) and energy (pJ) dependency on fanout for the Baugh-Wooley

PAPER C

multiplier.
Maximum Number of Decoders per Inverter
Width 6 10 14
16 2.91 (ns) 6.47 (pJ) | 2.94 (ns) 6.27 (pJ) | 2.94 (ns) 6.07 (pJ)
32 3.75 (ns) 24.5 (pJ) | 3.63 (ns) 25.1 (pJ) | 3.64 (ns) 23.7 (p))
64 4.65 (ns) 95.1 (pJ) | 4.53 (ns) 95.4 (pJ) | 4.68 (ns) 94.5 (pJ)

C.8 Comparison of Baugh-Wooley and
Modified-Booth Multipliers

We begin the multiplier comparison of Baugh-Wooley (BW) and modified-
Booth (MB), using the Yeh recoding scheme, by considering their efficiency

in terms of delay and power?

. Fig. C.9 shows the delay and power for 16-
, 32-, 48-, and 64-bit multipliers, using i) a timing constraint that achieves the
fastest implementation and ii) three different relaxed timing constraints: 100 ps,
300 ps, and 600 ps, respectively, slower than the fastest timing obtained. The
figure shows that the MB implementation can be up to 150 ps faster than the BW
implementation. However, for 32 bits the BW implementation outperforms that
of the MB. In contrast to the timing, the power dissipation is consistently and
significantly lower for the BW implementations. The power dissipation of the
MB implementations is 25—40% higher than that of a BW multiplier of the same
size, which operates at the same speed.

A useful metric when considering both delay and power is the energy that is
required to complete a single multiplication operation. Since we are now deal-
ing with single-cycle multipliers, the energy-per-operation is obtained as the
product of power and delay for each point in the graph of Fig. C.9. Fig. C.10
shows the result of such a calculation for sizes from 8§ to 64 bits: Among the four
timing constraints, only the smallest energy-per-operation obtained for each
size is plotted. The lowest energy-per-operation is commonly achieved at a
timing that is 100 ps to 300 ps slower than the fastest possible. From the graph

3The power is given for a frequency that corresponds to the inverse of the delay.
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Figure C.9: Delay and corresponding power dissipation for 16-, 32-, 48-, and 64-bit
instances of modified-Booth and Baugh-Wooley multipliers.

it is clear that the BW multiplier is a much more efficient implementation in
terms of energy.

For some embedded systems, speed can be as crucial as power dissipation.
To compare the shortest delay that can be achieved, Fig. C.11 shows the result
for sizes of 8 to 64 bits. The graph shows that the BW multiplier can match the
performance of the MB multiplier for sizes of up to 44 bits and even for larger
multipliers the difference is no more than 150 ps, i.e. less than 4%.

If we consider area, which is an important factor for efficient multiplier
implementations, the BW multiplier also in this respect outperforms the MB
multiplier. Fig. C.12 shows the area of the different multiplier implementations
and for all sizes the BW implementation consistently is the smallest. The BW
implementation is about 20% smaller than that of a MB implementation of the

same operand bit-width.
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Figure C.12: The area (wm?) for modified-Booth and Baugh-Wooley multipliers.

C.8.1 Dissecting the Timing

When we take a closer look at the timing contribution of i) the partial-product
generation, ii) the reduction tree, and iii) the final adder to the total delay for
MB and BW multipliers, we see that the delay that is gained by having a smaller
reduction tree for the MB implementation is offset by the delay of the MB re-
coding circuitry. Tables C.8 and C.9 show that the partial-product generation of
the MB multipliers are about two times as slow as that of generation in the BW
multipliers. This comes as no surprise, since for BW there is only one 2-input
AND-gate in the critical path, while for the MB multiplier the critical path goes
through the encoder followed by the decoder. Taking fanout into consideration,
the primary inputs of a BW multiplier need to drive only N minimum-sized
2-input AND-gates, while for the MB multiplier the = primary inputs first have
to drive N/2 encoders, which in turn drive N decoders.
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Table C.8: The delay for the partial-product generation, the reduction tree, and the final
adder for two 32-bit multipliers.

Baugh-Wooley Modified Booth
Increment Total Increment Total
Partial Product | 0.459 (ns) | 0.459 (ns) | 0.953 (ns) | 0.953 (ns)
Reduction Tree | 2.092 (ns) | 2.551 (ns) | 1.679 (ns) | 2.632 (ns)

Final Adder 1.081 (ns) | 3.632 (ns) | 1.052 (ns) | 3.684 (ns)

Table C.9: The delay for the partial-product generation, the reduction tree, and the final
adder for two 48-bit multipliers.

Baugh-Wooley Modified Booth
Increment Total Increment Total
Partial Product | 0.592 (ns) | 0.592 (ns) | 1.101 (ns) | 1.101 (ns)
Reduction Tree | 2.439 (ns) | 3.031 (ns) | 1.770 (ns) | 2.871 (ns)

Final Adder 1.219 (ns) | 4.250 (ns) | 1.265 (ns) | 4.136 (ns)

C.9 Implementation Aspects of the Reduction Tree

The synthesis of the reduction trees used for the results in the previous sec-
tions was limited to minimum-sized full-adder (3:2) cells. It would be possible
to achieve higher speed by increasing the drive strength of the reduction tree’s
gates or by using larger (4:2, 7:3, or 9:2) counter cells. This would mainly fa-
vor the Baugh-Wooley (BW) implementation since this, in comparison to the
modified-Booth (MB) implementation, has a larger critical-path portion inside
the reduction circuit. A faster reduction tree circuit, thus, would have a pro-
portionally larger impact on the total delay of the BW implementation. On the
other hand, an increased drive strength of the reduction tree’s gates would have
a negative impact on the power dissipation. In this respect, a BW implemen-
tation would experience a relatively higher increase in power compared to an
MB implementation. How the power would be affected by larger counters is
more difficult to predict without knowing the power of the counter cell. If one
counter cell would be less power hungry than the collection of full-adder cells
that it replaces, the BW implementation would benefit from using counters.
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By varying the full-adder cell drive strength in the reduction circuit, we
found that even for the drive strength* that yields the highest speed, a BW im-
plementation is still 20-30% more energy efficient than the MB implementation;
the exact value of the gain depends on the operand bit-width of the multiplier.
Fig.C.13 shows the delay and power for the full-adder drive strength that ob-
tained the best timing. In a comparison with Fig. C.9, we see that the delay is

improved at a cost in power.
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Figure C.13: Delay and power for a 16-, 32-, 48- and 64-bit Baugh-Wooley and
modified-Booth multipliers, for the drive strength of the full-adder cells in the reduc-

tion tree that obtains the lowest delay.

4The full-adder cell comes in five different drive strengths in our cell library.
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C.10 Implementation in a 65-nm Process

Technology

We had limited access to a commercial 65-nm low-power process technology
and used it to implement a 32-bit Baugh-Wooley (BW) and modified-Booth
(MB) multiplier with standard threshold voltage cells. For the 65-nm design
flow, Cadence Encounter [15] is used for synthesis, placement, and routing. For
this process technology we were not able to do the same fanout investigations
and buffer insertion, as described for the 130-nm process. The synthesis was re-
stricted to use only full-adder cells. However, the placement tool is capable of
doing re-synthesis and has in some cases implemented the full-adder function-
ality as a set of logic cells. Timing and power estimates are for the worst-case
125-degrees corner at 1.1 V. The timing is for lowest delay possible and the
power dissipation was estimated using value change dump (VCD) data from

simulations with 10,000 random input vectors, as for the 130-nm process.

Table C.10: Delay, power, energy, and area for 32-bit Baugh-Wooley and modified-

Booth multipliers in a 65-nm process.

Delay (ns) | Power (mW) | Energy (pJ) Area (qu)
Baugh | 2.59 (100%) | 23.4 (100%) | 60.6 (100%) | 48.1k (100%)
Booth | 2.50 (97%) | 37.5 (160%) | 93.8 (155%) | 52.1k (108%)

Table C.11: Delay, power, energy, and area for 32-bit Baugh-Wooley and modified-

Booth multipliers in a 130-nm process.

Delay (ns) Power (mW) | Energy (pJ) Area (umz)
Baugh | 3.63 (100%) | 7.81 (100%) | 28.4 (100%) | 88.8k (100%)
Booth | 3.68 (101%) | 9.74 (125%) | 35.8 (126%) | 108.9k (123%)

The results for 32-bit BW and MB multipliers in the 65-nm process are
shown in Table C.10. The high power and energy dissipation of the MB multi-
plier does not justify the small performance advantage; 90 ps (3%) faster than
the BW multiplier. Furthermore, the MB multiplier is also 8% larger in terms

of area.
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For reference, the corresponding data (those for shortest delay) for the 32-
bit 130-nm implementations is shown in Table C.11. The relationship between
the BW and MB multiplier does not change much in terms of shortest delay.
However, in relation to BW, the power and energy for the MB multiplier in-
crease significantly with process scaling. Regarding area, the area penalty for
the MB implementation is reduced from 23% in 130-nm to 8% in 65-nm.

Considering the results for the 65-nm and 130-nm it is clear that at least for
a 32-bit multiplier, a MB implementation has higher power dissipation, larger
area and only a negligible delay improvement compared to a BW implementa-
tion.

C.11 Partial-Product Generation and Final Adders

The usage of the modified-Booth (MB) algorithm makes the reduction tree flat-
ter. This has the effect that the timing profile of the remaining pair of partial
products, which are to be summed up by the final adder, are also flatter than
compared to a Baugh-Wooley (BW) multiplier. There have been extensive re-
search [16, 17] in adapting the final adder to the timing profile of the partial-
product pair from the reduction tree in order to reduce power as well as area.
As the timing profile becomes flatter, the room for exploiting timing slacks
becomes more limited: A faster final adder is required for the less significant
portion of the final result.

For the investigations conducted in this paper, a fast Kogge-Stone adder has
been used as final adder. However, the final adder could have been optimized for
each specific implementation. In this context, the BW implementations would
have gained, in terms of power and area, more from an optimization of the final
adder than the MB implementations.

C.12 Conclusion

The modified-Booth algorithm, which is commonly used today, makes mul-
tiplier design complex and a significant design effort is needed to obtain an
efficient implementation. The design decision of using the modified-Booth al-
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gorithm is most likely based on the notion that a smaller reduction circuitry
achieves a better implementation. This was once true, but the introduction of
logarithmic-depth reduction trees, and particularly the regular structure of the
HPM reduction tree, has made the size of the reduction circuit less of a con-
cern when designing a multiplier. The logic depth through the HPM reduction
tree differs by only one or two full adders for a modified-Booth and Baugh-
Wooley implementation of the same operand bit-width. Considering that the
critical path of a modified-Booth multiplier is located in its encoder and de-
coder, it is difficult to envision a modified-Booth implementation that can be
much faster than a Baugh-Wooley implementation, regardless of the recoding
scheme used. Taking power, energy per operation, and area into consideration,
it is clear that the gain by reducing the reduction circuitry is lost in the recod-
ing circuitry, making a modified-Booth implementation perform worse than a

Baugh-Wooley implementation.
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An Efficient
Twin-Precision Multiplier

We present a twin-precision multiplier that in normal operation mode efficiently
performs [V-b multiplications. For applications where the demand on precision
is relaxed, the multiplier can perform N/2-b multiplications while expending
only a fraction of the energy of a conventional N-b multiplier. For applica-
tions with high demands on throughput, the multiplier is capable of performing
two independent N/2-b multiplications in parallel. A comparison between two
signed 16-b multipliers, where both perform single 8-b multiplications, shows
that the twin-precision multiplier has 72% lower power dissipation and 15%
higher speed than the conventional one, while only requiring 8% more transis-
tors.

111
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D.1 Introduction

Recent development at the micro architecture level shows that there is an in-
creasing interest in datapath components that are capable of performing com-
putations with variable operand size, e.g. adders capable of doing both N and
N/2-b additions [1]. By using only a part of the datapath component for compu-
tation, it has been demonstrated [2] that reductions in the total power dissipation
can be effected. Datapath components that can perform both one N, one single
N/2, or two N/2-b operations give the designer the opportunity to design a sys-
tem which can adapt to changing modes, such as low-power, high-throughput,
or high-precision operation. Such a datapath component could be used for dy-
namic power reduction in the same way as described by Abddollahi et al. [2]; by
using the same kind of logic for detecting if the effective bit rate is within N/2-
b precision, it is possible to control at what precision the datapath component
should be operating. This versatile type of datapath component is also suitable
for systems in which several applications, having quite different requirements
on precision and/or throughput, are executed [3]. Furthermore, such a datapath
component could prove useful in processors that can support several instruc-
tion sets. In a processor that combines x86-32 and x86-64, a flexible datapath
could be used for 64-b operations as well as for Single Instruction Multiple Data
(SIMD) instructions, where two 32-b operations are performed in parallel.

It has been shown [4] that it is relatively straightforward to partition an ar-
ray multiplier, so as to obtain a multiplier that can perform multiplications with
varying operand size'. In comparison to tree multipliers, however, an array mul-
tiplier is slow and power hungry which makes it a poor design choice when a
fast and efficient multiplier is needed [5]. It was claimed, but not substantiated,
that the power-reduction techniques used for array multipliers [2] can be applied
also to tree multipliers. It is certainly not straightforward to transfer the pro-
posed technique to tree multipliers. Mokrian et al. presented a reconfigurable
multiplier, which is constituted by several smaller tree multipliers [6]. How-

ever, the recursive nature of this multiplier is, due to an addition of reduction

I This was done by gating parts of the array of carry-save adders and by using multiplexers to
read out the data from a low-precision multiplication.
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stage(s), likely to have a large impact on the delay for the N-b multiplication,
compared to the multiplier proposed in this paper.

In the following we explore the possibility of combining N and N/2-b mul-
tiplications in the same N-b tree multiplier: we call this a twin-precision mul-
tiplier. The key challenges in designing a twin-precision multiplier are to limit
the impact of flexibility on power dissipation, delay, and area. The proposed
twin-precision multiplier efficiently performs either one N-b multiplication, one

single N/2-b multiplication, or two N/2-b multiplications in parallel.

D.2 Design Exploration

Based on a simple representation of an array multiplier, Figure D.1, it is obvious
that if the partial product bits not being used in a low-precision multiplication
are set to zero, the array multiplier will produce the correct result without the
need of any additional logic. The 2-input AND gates corresponding to the partial
product bits that are not being used in the low-precision multiplication can be

replaced by 3-input AND gates to force those bits to zero 2.

Y2 Yo Y5 Y4 Y3 Yo Y4 Y

Xs X4 X; Xp
P70 Pso Pso Pao P3o P2o Pio Poo

P71 Per Psi P4y P3y P2y Pyy Poy

P72 Pe2 Ps2 Paz Paa Paa P2 Poz

P23 P13 Pos

P1s Pos

Pos

Sis Sis4 Siz Si2 S4y Sy9 Sg Sg S; Sg S5 S, S5 S, Sy §y

Figure D.1: Partial product representation of a 4-b multiplication in an 8-b multiplier.

2When performing only one N/2-b multiplication it is possible to set the most significant bits of
the operands to zero instead.



114 PAPER D

When doing an N/2-b multiplication within an N-b multiplier only one quar-
ter of the logic is being used, as seen in grey in Figure D.1. This makes it
possible to use the multiplier for two parallel and independent N/2-b multipli-
cations. We can partition the partial product bits of the N-b multiplier, such that
an N/2-b multiplication can be performed in the Least Significant Part (LSP)
of the multiplier in parallel with another N/2-b multiplication in the Most Sig-
nificant Part (MSP), without using any additional logic in the partial product
reduction tree, as seen in grey and black, respectively, in Figure D.1. To be able
to switch between N, N/2, or two N/2-b multiplications, the 2-input AND gates
used to create the partial products need to be replaced with 3-input AND gates
and two control signals for selecting the operating mode of the multiplier need
to be introduced.

D.2.1 Tree Multiplier

Until now we have implicitly used the array multiplier to demonstrate the twin-
precision feature. The array multiplier is, however, slow and power dissipat-
ing in comparison to a logarithmic tree multiplier. The implementation of the
twin-precision feature in an N-b tree multiplier is similar to that of the array
multiplier; all that is needed is to set the partial products bits not being used
to zero and to partition the partial products bits of the two multiplications into
the respective LSP and MSP of the tree. To reduce the critical path for the
N/2-b multiplications the partial products bits used during the computation are
moved as far down the tree as possible, Figure D.2. In this paper we use a tree
multiplier with regular connectivity [7].

To further reduce the critical path of the N/2-b multiplications it is possible
to move the partial products even further down the tree by adding multiplexers
on lower levels®. This makes it possible to select either the carry and sum from
higher levels, when doing the N-b multiplication, or the partial products bits,
when doing the N/2-b multiplication. This introduces multiplexers in the critical
path of the N-b multiplier, which significantly increases the delay of the N-b
multiplication. Thus, this alternative has not been considered here, since our

3Moving further down in the tree implies approaching the final adder.
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goal is to find a good design tradeoff between the delay of N-b multiplications

and N/2-b multiplications, respectively.

D.2.2 Signed Multiplication According to Baugh-Wooley

We used the Baugh-Wooley algorithm [8] to investigate the impact of the twin-
precision feature on delay and power of a signed tree multiplier *. Here, signed
multiplication is performed by first inverting all partial product bits that are
results of the most significant bit (MSB) of exactly one of the operands, Fig-
ure D.3. Second, for each executed multiplication, a logical one (framed) is
added to column N (column O is to the far right in Figure D.3) and, third, the
MSB of the product is inverted. This is directly mapped onto the tree multiplier
as shown in Figure D 4.

To be able to generate the inverted partial product bits, we chose to replace
the AND gates corresponding to the inverted bits with NAND gates followed by
XOR gates. The option to either invert or not invert the signal from the NAND
gates makes it possible to switch between signed and unsigned multiplication

4Modified Booth does not impose any fundamental problems to the twin-precision concept. It
has been evaluated, but is not included in this paper because of space constraints.
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Figure D.3: Example showing the inverted partial product bits of two signed 4-b multi-

plications within a signed 8-b multiplication.

The inversion of the MSB of the product is also done with an XOR gate.
The insertion of the logical one to column N of the multiplication is straight-
forward for the N-b and the N/2-b multiplication in the LSP by changing the
half adder of that column to a full adder and adding the logical one to the new
adder. For the N/2-b multiplication in the MSP there is no half adder that can
be replaced, but an extra level of half adders has to be added, seen at the far left
in Figure D.4. This added level of half adders does not increase the delay for
the N-b multiplication, since none of the half adders are in the critical path.

D.3 Final Adder

The choice of final adder is very important in order to get short delay for both
N and N/2-b multiplications. The recommendations given by Oklobdzija et
al. [9] are not directly applicable in our twin-precision multiplier, since the
delay profile of the multiplier varies with the multiplication precision. It would
be possible to use the adder scheme presented by Oklobdzija et al. to reduce
the delay for the N-b multiplication, but this could introduce long delays for the
two independent N/2-b multiplications. In order to not increase the delay too
much for the N/2-b multiplications, it is therefore important to have a final adder
that is fast for both N and N/2-b multiplications. Mathew et al. [1] presented
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Figure D.4: Signed 8-b multiplier capable of doing two signed 4-b multiplications using

Baugh-Wooley.

a sparse-tree carry-lookahead adder that is capable of doing both fast 64-b and
fast 32-b additions. This adder scheme has been adapted to the appropriate
word length in order to obtain short delays for both N and N/2-b multiplications,

Figure D.5.
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Figure D.5: Example of 31-b final adder for a 16-b twin-precision multiplier.
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D.4 Simulation Setup and Results

To evaluate delay and power dissipation, simulations have been performed in
a commercially available 0.13-pm technology. The simulated circuit is a 16-b
twin-precision tree multiplier, which is capable of performing two 8-b mul-
tiplications in parallel, and which uses the fast final adder of Section 3. As
reference we use a conventional §-b and 16-b multiplier, respectively, which
both use a Kogge-Stone as final adder. For signed multiplication the Baugh-
Wooley algorithm [8] has been implemented for both the conventional and the
twin-precision multiplier. All simulations have been done using Spice transistor
netlists including estimated wire capacitances. All logic has been implemented
as static logic and designed to resemble what could be expected to be found in
a standard-cell library. The implemented version of the multiplier cancels the
inactive partial products by forcing the AND gates to zero. The impact of us-
ing sleep-mode techniques on power and delay has not been investigated®. For
power simulation 50 random input vectors were applied to HSpice at 500 MHz,
a supply voltage of 1.2 V, and an operating temperature of 25 °C. Delay was
obtained using PathMill.

Table D.1: Reference values normalized to the conventional 8-b multiplier.

Reference | Delay | Power
16 bit 1.40 4.06
8 bit 1.0 1.0

Table D.1 lists the values for the conventional 8-b and 16-b multipliers used as
comparison references. Table D.2 lists delay and power for the twin-precision
multiplier. All values have been normalized to the 8-b reference multiplier.
With a conventional 16-b multiplier as reference, the delay of the 16-b twin-
precision multiplier operating in 16-b mode was 9.0% larger whereas the power
dissipation was less than 1.0% larger. When using the 16-b twin-precision mul-
tiplier in single 8-b mode, the power dissipation is only 28% of the reference
16-b multiplier. The reason for the power reduction is that in single 8-b mode

SWe expect no fundamental problems in introducing sleep-mode techniques in the twin-
precision multiplier.
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Table D.2: Simulation results for a twin-precision 16-b multiplier, where columns 2
and 3 are normalized to the conventional reference 8-b multiplier. Columns 4 to 7 are

comparisons against the conventional reference multipliers given in Table 1.

Mode | Delay | Power | Compared to 8-b | Compared to 16-b
Delay | Power | Delay Power
16-b 1.52 4.10 9.0% 0.9%
2x8-b | 1.29 234 | 29.0% | 169% | -7.5% | -42.4%
8-b 1.18 1.13 | 182% | 133% | -153% | -72.1%

about two thirds of the multiplier tree is kept at constant zero, eliminating the
dynamic power in these parts. The additional decrease in power comes from

the reduction of glitches in the multiplier.

With a conventional 8-b multiplier as reference, the delay of the 16-b twin-
precision multiplier operating in single 8-b mode was 18.2% larger whereas the
power dissipation was 13.3% larger.

When doing two 8-b multiplications in parallel the power dissipation in-
creases by about 4% and the delay is increased with 10% compared to a sin-
gle 8-b multiplication. The increase in the delay is due to an increased logic
depth—the 8-b multiplication in the MSP of the multiplier tree has a longer
critical path than the 8-b multiplication in the LSP has, Figure D.4. Addition-
ally the logical depth of the final adder is one gate deeper for the MSP which
contributes to a longer critical path for the 8-b multiplication computed in the
MSP of the tree.

The power dissipation for driving the control signals to set the mode of the
multiplier was not included in the power simulation. The control signal used
to set the partial product bits to zero, when doing two N/2-b multiplications, is
connected to the input of N AND gates. In order to cancel out the second N/2-b
multiplication the control signal is connected to the input of N/2 AND gates.
It has been shown that it is realistic to expect the multiplier to operate in the
same mode for longer durations [2]. Since the control signals only toggle when
the mode of the multiplier is changed, the power dissipation for these signals is

negligible when the multiplier stays in one mode for longer durations.
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D.5 Conclusion

The twin-precision multiplier presented in this paper offers a good tradeoff be-
tween precision flexibility, area, delay and power dissipation by using the same
multiplier for doing N, N/2 or two N/2-b multiplications. In comparison to a
conventional 16-b multiplier, a 16-b twin-precision multiplier has 8% higher
transistor count and 9% longer delay. The relative transistor count overhead
decreases for larger multipliers, since the number of AND gates needed to set
the partial products to zero does not grow as fast as the number of adders in the
tree.
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A Low-Leakage
Twin-Precision Multiplier

Using Reconfigurable Power Gating

A twin-precision multiplier that uses reconfigurable power gating is presented.
Employing power cut-off techniques in independently controlled power-gating
regions, yields significant static leakage reductions when half-precision multi-
plications are carried out. In comparison to a conventional 8-bit tree multiplier,
the power overhead of a 16-bit twin-precision multiplier operating at 8-bit pre-
cision has been reduced by 53% when reconfigurable power gating based on the
SCCMOS power cut-off technique was applied.
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E.1 Introduction

Recent development of embedded systems indicates an increased interest in re-
configurable functional units that dynamically can adapt the datapath to varying
computational needs. A system may need to switch between, for example, one
application that needs speech-encoding functional units operating at 8-bit preci-
sion and another application that needs 16-bit functional units to perform audio
decoding. Since most embedded systems are associated with a strictly limited
power budget, both static and dynamic power are of critical importance. In
this context, it is hardly acceptable to have idle functional units which dissipate
useless static power while the application is running at low precision.

The twin-precision (TP) multiplier [1] can switch between N-bit and N/2-
bit precision multiplications without significant performance and area overhead.
However, in half-precision (N/2-bit) mode the TP multiplier is dissipating con-
siderably more power than a conventional fixed-precision N/2-bit multiplier,
since idle, higher-precision logic gates within the TP multiplier are leaking. In
order to efficiently utilize reconfigurable datapath units, leakage reduction tech-
niques need to be incorporated.

In this paper we describe a twin-precision multiplier that uses a power-
gating strategy that dynamically adapt to the precision needed and shuts down
idle portions of the circuit to save static leakage power.

E.2 Preliminaries

E.2.1 The Twin-Precision Multiplier

The twin-precision multiplier [1] is an N-bit tree multiplier that is capable of
performing either i) single N-bit, ii) single N/2-bit or iii) two concurrent and
independent N/2-bit multiplications. When compared to a conventional fixed-
precision N-bit tree multiplier, the general gate count overhead of the twin-
precision multiplier was very small, and the overhead in delay and active power
dissipation for the full-precision mode was shown to be small [1]. The most
important features of the twin-precision technique are illustrated in Fig. E.1.
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Figure E.1: Partial product representation of an 8-bit multiplication. When performing
a 4-bit multiplication in a conventional multiplier only one quarter of the logic gates
are performing any useful operations (the grey regions). The twin-precision technique
rearranges logic to greatly reduce power dissipation and delay for 4-bit multiplications.
Also, this technique allows the logic gates, which are not used in the 4-bit multiplication
taking place in the grey region, to perform a second, independent 4-bit multiplication

(the black regions).

In order to switch between the three different precision modes it is neces-
sary that the partial products in white and black regions (Fig. E.1) can be forced
to zero independently of each other. The 2-input AND gates, which in con-
ventional multipliers generate the partial product bits, are replaced with 3-input
AND gates, whose extra input is used to mask the output to zero.

In a twin-precision multiplier it is crucial that the partial products used for
N/2-bit multiplications are moved as close to the final adder as possible. In half-
precision mode, this gives the shortest critical path and the largest number of
unused logic gates, which can be translated into dramatic dynamic power reduc-
tions. The final adder is also important, since its delay profile will determine
the delay for the N-bit and the two N/2-bit multiplications. In conventional
adder design, the delay is optimized for full-precision operation. This gener-
ally makes such adders relatively slow when used for lower precision. A good
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tradeoff between the delay for N-bit and N/2-bit precision is given by the adder
presented by Mathew et al. [2].

The application of the twin-precision technique to signed N-bit and N/2-bit
multiplications is quite straightforward. An example of an 8-bit signed multi-
plier using the Baugh-Wooley algorithm [3], capable of performing two concur-
rent 4-bit multiplications, is shown in Fig. E.2. The twin-precision technique
can also be applied to modified Booth multipliers, but this requires a slightly

extended implementation effort.
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[ ]Full adder

Half adder

[X]XOR gate
1 Partial product for the

¥ two4b multiplications

1" for 4-b 1" for 4-b

\ Final Adder

Fl oo Pl )
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Figure E.2: Signed 8-bit twin-precision Baugh-Wooley multiplier.

E.2.2 Circuits for Leakage Reduction

As soon as unused circuit parts of a twin-precision (TP) multiplier stop switch-
ing or when the entire multiplier goes into sleep mode, static leakage currents
become visible. Transistor stacking, body biasing, multi-V; technologies and
power cut-off techniques are common methods used to suppress static leak-
age. We have chosen to study only power cut-off techniques in this paper, be-
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cause these are compatible with conventional CMOS design and require no spe-
cial process technologies. Power cut-off techniques are using power switches
(PMOS or NMOS transistors) that are turned on when logic circuits are active
and off when circuits are in sleep mode. Generally, a power cut-off technique is
efficient for circuits that stay in sleep mode for relatively long periods of time.

In this paper we have considered a number of power cut-off techniques [4]
that can be applied to a TP multiplier: Super Cut-Off CMOS (SCCMOS),
Zigzag Super Cut-Off CMOS (ZSCMOS) and Gate leakage Suppression CMOS
(GSCMOS). We found that SCCMOS has long sleep-to-active (wake-up) time,
while ZSCCMOS has short wake-up time at the expense of a need for sleep-
mode state control (input forcing). The GSCMOS technique, on the other hand,
is particularly efficient when gate leakage is significant, but it has complex sup-
ply rail routing. All considered power cut-off techniques need on-chip voltage
generators to control the power switches. Although power cut-off techniques
corrupt logic data during sleep, this is not a serious issue for the TP multiplier,
since a fresh multiplication is performed every time the precision mode has been
changed.

Power switch
Virtual power rall

T

Figure E.3: The SCCMOS technique applied to an inverter chain.

We chose the SCCMOS technique (Fig. E.3), since this fits our needs and
constraints (e.g. low supply routing complexity, a wake-up time within a few
clock cycles, and absence of gate leakage) in the 0.13-um technology used.
The power switch used here is a low-V; PMOS transistor, which in sleep mode
is overdriven (i.e. above Vy4) with AV, which roughly is the threshold voltage
difference between a typical high-V; and a typical low-V; device. The overdrive
voltage completely turns the power switch off, thus the voltage on the virtual
power rail drops and leakage currents are reduced.
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E.3 Power Supply Grid and Tree Organization

To suppress static leakage in idle gates of the twin-precision (TP) multiplier,
we deploy the SCCMOS technique so that three separate power-gating regions
(Fig. E.4) are obtained. Independent of other regions, the power switches of
one region can be turned on or off, depending on multiplier precision mode.

A R V2N R V2N R VN [ XY B VY IR EN B Y

A r
A - |
A @A r
A I I I |
BE OB r
b I - I - O - I BE B OB
0 B B @ @ @ @ B O BB @ B @ OFr

Full adder Half adder XOR gate [X] 2 AND gates AND gate "\ ‘

Figure E.4: Power-gating regions of an 8-bit TP multiplier. When one N/2-bit multipli-
cation is performed, the power switches in black and white regions are turned off. When
two concurrent N/2-bit multiplications are performed, the power switches in the white
region are turned off. Finally, when an N-bit multiplication is performed, the power

switches in all regions are turned on.

When the TP multiplier performs an N/2-bit multiplication or two concur-
rent N/2-bit multiplications, outputs of some sleeping logic gates are connected
to the inputs of active logic gates (Fig. E.4). Since those outputs now are float-
ing, the inputs of the active logic gates can not be asserted via the 3-input AND
gates that were used in the original TP multiplier. Instead, the inputs of these
active logic gates are pulled down by NMOS transistors, which are connected
to the respective outputs of the sleeping gates. When the TP multiplier per-
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forms an N/2-bit multiplication or two concurrent N/2-bit multiplications, the
pull-down NMOS transistors are turned on, thus forcing the outputs of sleeping
logic gates (i.e. the inputs of the active logic gates) to ground. The off-state

power switches eliminate short-circuit currents in sleeping logic gates.

The virtual power rails that are introduced with the SCCMOS technique
need special consideration. Within each power-gating region, the virtual power
rails can be partitioned into networks of finer granularity than a single network
spanning the entire region. In fact, every logic gate could have its own virtual
power rail and power switch, leading to all logic gates having individual virtual
supply voltages (which are functions of the gate input pattern) and guaranteeing
overall optimal leakage suppression in sleep mode. However, this calls for an
extra power-switch control wire that needs to be routed through every cell in a
layout, in turn causing cell footprints and wire lengths to grow. Longer signal
wires lead to larger switched capacitance and, thus, both the dynamic power
dissipation and the delay of the active TP multiplier regions will increase. As
for the other extreme, i.e. leaving the virtual power rails within each power-
gating region non-partitioned, this is generally a recipe for larger than minimal
leakage currents. This is because all logic gates of a large power-gating region
will have one common voltage level on the virtual power rail. In sleep mode
this common level rarely leads to minimal leakage currents in individual logic

gates.

For the SCCMOS implementation of this paper (Fig. E.5) we employ one
virtual power rail and one power switch to groups of four full-adder (FA) cells
(or for any group of logic cells that have the same total footprint). This parti-
tioning yields a regular power supply grid that is easy to implement in layout. In
our implementation, we assume constant cell pitch (cell height) and, as shown
in Fig. E.5, two AND gates are concatenated into one cell to make cell footprints
uniform (two AND gates are now as wide as one FA cell).

In active mode, the power switch resistance will cause supply voltages on
virtual power rails to drop below external supply voltage levels and, hence,
the circuit delay will increase. The worst (largest) supply voltage drop takes
place when the gates on a particular virtual power rail receive the input signals
that make the maximum number of PMOS transistors switch simultaneously.
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We choose to size the power switches so that during switching, for the worst-
case conditions described above, the voltage drop on all virtual power rails is
equal. Therefore, all virtual power rails have identical width ratios (K), where
K is defined for each virtual power supply network as the power switch width
divided by the total width of the PMOS transistors that simultaneously switch
for the worst-case condition.
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Figure E.5: The power supply grid of the 8-bit TP multiplier. Here, virtual power rails

are routed horizontally, whereas external power and ground rails are routed vertically.

Regarding the layout, power switches are inserted where an external power
rail crosses a virtual power rail (Fig. E.5). If an external power rail is routed
between two different power-gating regions then rwo power switches (for two
different virtual power rails) are inserted at each crossing. Since the N-wells of
the PMOS transistors inside the logic gates are connected to the virtual power
rails, the external power rails do not have to be routed horizontally. Hence,
in the proposed power supply grid and tree organization the area penalty is
limited to the vertically routed external supply rails. Since these rails increase
signal wire lengths between cells, we also have a delay and power penalty when

circuits are active.
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Logic gates in the white region, which are “trapped” between the grey and
black regions and which do not have external supply rail routed through them,
are connected to the black-region virtual power rails; the “white” FA-cell in
the third row from the bottom in Fig. E.5 is an example of a “trapped” logic
gate. This connection simplifies the routing but incurs a small power penalty
when two concurrent N/2-bit multiplications are performed, since “trapped”
gates will be connected to the external power rails via the on-state black-region
power switches.

Fig. E.5 has a final adder (in the second row from the bottom) which for
the sake of simplicity in this example is a ripple-carry adder. This adder can be
replaced by any kind of tree adder, which subsequently can be partitioned in the

same way as a multiplier reduction tree.

E.4 Simulation and Results

We will now evaluate power dissipation and delay of a 16-bit twin-precision
multiplier with power-gating regions employing the SCCMOS technique. As
the first reference design we use a conventional twin-precision multiplier, which
does not use power gating. In the rest of this section, TP refers to the conven-
tional twin-precision multiplier in [1], whereas TP-cutoff refers to the proposed
power-gated twin-precision multiplier. In order to strike a good balance be-
tween the delay of 8-bit and 16-bit multiplications, both the TP and TP-cutoff
multipliers use the adder presented by Mathew et al. [2] as final adder.

As a second set of references we use conventional 8-bit and 16-bit tree mul-
tipliers. These references represent fixed-precision multipliers, which have fi-
nal adders that are optimized for either 8-bit or 16-bit multiplications. Here,
we used the Kogge-Stone [5] structures for final adders. Both conventional
tree multipliers employ the SCCMOS technique with a power supply network
partitioning which is similar to that of the TP-cutoff multiplier.

Simulation data were obtained by running HSpice on a commercially avail-
able 0.13-pm technology, at a supply voltage of 1.2 V and an operating temper-
ature of 80°C. Circuit netlists were constructed using static CMOS gates and
estimated wire capacitances (pre-layout). Power switches were overdriven with
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0.2 V. Power figures were obtained by running simulations for 50 random input
vectors applied at a 500-MHz frequency. Power dissipation from control signal
transitions and overdrive voltage generators was not included.

We could not use PathMill [6] directly to obtain reliable delay figures for
the power-gated multipliers. Instead, delay figures for all multipliers had to be
obtained by the following steps: First, using PathMill, we found the critical path
for a multiplier that did not use the SCCMOS technique. Then we constructed
netlists of only the critical path for i) a multiplier without the SCCMOS tech-
nique and ii) a multiplier using the SCCMOS technique. These netlists com-
bine, first, the structure of the critical path originally obtained by PathMill and,
second, the logic gates used in the HSpice netlists of the respective complete
multipliers. Finally, the critical paths were simulated using HSpice. Inputs to
the critical paths were asserted such that signal rippling was guaranteed. To
define accurate fan-outs, the critical-path netlists also contained all logic gates
and respective wire capacitances that the rippling signals were driving. To real-
istically model capacitance on the virtual power rails, all logic gates connected
to the power switches were also included.
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Figure E.6: Normalized energy-delay product for different power switch sizes.

Fig. E.6 shows the energy-delay product in a 16-bit TP-cutoff multiplier
(operating at 8-bit precision) as a function of power-switch size. When K=1.0,
for each virtual supply network the power switch width is equal to the total
width of the PMOS transistors that simultaneously switch for the worst-case
condition. From Fig. E.6 it can be observed that K=1.1 gives a good compro-
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mise between expended energy and delay, so K=1.1 is used henceforth. Also,
with K=1.1 the wake-up times for the power-gated multipliers were within one
clock cycle.

Table E.1: Total power dissipation [mW ] for 8-bit multiplications.
(a) Conventional (b) Twin-precision
Mult. | Mode | Cutoff Mult. | Mode TP TP-cutoff
8-bit 8-bit | 0.9667 16-bit | 8-bit | 1.216 1.083
16-bit | 8-bit 3.473

The power dissipation of the 16-bit TP-cutoff multiplier operating at 8-bit
precision can be compared to the power of an active conventional 8-bit mul-
tiplier, which incorporates power cut-off circuit techniques. In fact, the latter
multiplier represents the lower power dissipation bound for any 16-bit multi-
plier that operates in 8-bit precision mode. As Table E.1 shows, the 16-bit
TP-cutoff multiplier only dissipates 12% more power than a conventional 8-bit
multiplier. In comparison to a conventional 16-bit multiplier, which operates on
8-bit precision operands that are sign extended to 16 bits, the TP-cutoff multi-
plier has 3.2 times lower power dissipation. We finally observe that by using
precision-dependent power-gating based on the SCCMOS technique, the power
overhead (with reference to an active conventional 8-bit multiplier) of the 16-bit
TP multiplier operating at 8-bit precision is reduced by as much as 53%.

Table E.2: Delays [ns] for 8-bit and 16-bit multiplications.
(a) Conventional (b) Twin-precision
Mult. | Mode | Cutoff Mult. | Mode TP | TP-cutoff
8-bit 8-bit 1.190 16-bit | 8-bit | 1.400 1.402
16-bit | 16-bit | 1.687 16-bit | 16-bit | 1.759 1.805

As shown in Table E.2, in 16-bit precision mode the TP multiplier is less
than 3% faster than the TP-cutoff multiplier. The conventional 16-bit tree multi-
plier that uses the SCCMOS technique is 7% faster than the TP-cutoff multiplier
operating at 16-bit precision, a ratio that is largely due to the use of different
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final adders—Kogge-Stone in the former and the adder by Mathew et al. in the
latter.

The difference in delay between the TP multiplier and the TP-cutoff multi-
plier operating in 8-bit precision mode is hardly noticeable. However, not sur-
prisingly, the conventional 8-bit tree multiplier using the SCCMOS technique
outperforms both twin-precision multipliers with 18%. This is due to i) use of
a fixed 8-bit final adder and i) lower logic depth in the 8-bit reduction tree.

E.5 Conclusions

We have shown that power cut-off techniques can be deployed in different re-
gions of a twin-precision functional unit, so that static leakage reduction can be
effected not only when the entire unit is idle, but also when only parts of the

unit are active, i.e. when the unit operates in half-precision mode.
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Multiplication Acceleration

Through Twin Precision

We present the twin-precision technique for integer multipliers. The twin-
precision technique can reduce the power dissipation by adapting a multiplier to
the bitwidth of the operands being computed. The technique also enables an in-
creased computational throughput, by allowing several narrow-width operations
to be computed in parallel. We describe how to apply the twin-precision tech-
nique also to signed multiplier schemes, such as Baugh-Wooley and modified-
Booth multipliers. It is shown that the twin-precision delay penalty is small
(5-10%) and that a significant reduction in power dissipation (40-70%) can be
achieved, when operating on narrow-width operands. In an application case
study, we show that by extending the multiplier of a general-purpose processor
with the twin-precision scheme, the execution time of a Fast-Fourier Transform
is reduced with 15% at a 14% reduction in datapath energy dissipation. All our
evaluations are based on layout-extracted data from multipliers implemented in
130-nm and 65-nm commercial process technologies.
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F.1 Introduction

Multiplication is a complex arithmetic operation, which is reflected in its rel-
atively high signal propagation delay, high power dissipation, and large area
requirement. When choosing a multiplier for a digital system, the bitwidth
of the multiplier is required to be at least as wide as the largest operand of
the applications that are to be run on that digital system. The bitwidth of the
multiplier is, therefore, often much larger than the data represented inside the
operands, which leads to unnecessarily high power dissipation and unnecessary
long delay. This resource waste could partially be remedied by having several
multipliers, each with a specific bitwidth, and use the particular multiplier with
the smallest bitwidth that is large enough to accommodate the current multipli-
cation. Such a scheme would assure that a multiplication would be computed
on a multiplier that has been optimized in terms of power and delay for that
specific bitwidth. However, using several multipliers with different bitwidths
would not be an efficient solution, mainly because of the huge area overhead'.

There have been several studies on operand bitwidths of integer applications
and it has been shown that for the SPECint95 benchmarks more than 50% of
the instructions are instructions where both operands are less than or equal to
16 bits [1] (henceforth called narrow-width operations). This property has been
explored to save power, through operand guarding [1-3]. In operand guarding
the most significant bits of the operands are not switched, thus power is saved in
the arithmetic unit when multiple narrow-width operations are computed con-
secutively. Brooks et al. [1] showed that power dissipation can be reduced by
gating of the upper part of narrow-width operands. For the SPECint95 and Me-
diaBench benchmarks, the power reduction of an operand guarded integer unit
was 54% and 58%, respectively, which accounts for a total power reduction of
5-6% for an entire datapath.

Narrow-width operands have also been used to increase instruction through-
put, by computing several narrow-width operations in parallel on a full-width
datapath. Loh [4] showed a 7% speedup for the SPECint2000 benchmarks by
using a simple 64-bit ALU, which excluded the multiplier, in parallel with four

I There is also a potential static power overhead of inactive multipliers, but this could be allevi-
ated by power gating.
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simple 16-bit ALUs that share a 64-bit routing. Brooks et al. did a similar in-
vestigation, where they envisioned a 64-bit adder that could be separated into
four 16-bit adders by severing the carry chain.

There have been several studies on operand guarding for multipliers. Huang
et al. [2] introduced a two-dimensional operand guarding for array multipliers,
resulting in a power dissipation that was only 33% of a conventional array mul-
tiplier. Han et al. [3] did a similar investigation on a 32-bit Wallace multiplier
and were able to reduce the switching activity by 72% with the use of 16-bit

operand guarding.

While there have been a lot of work on simple schemes for operand guard-
ing, work that simultaneously considers multiplication throughput is more scarce.
Achieving double throughput for a multiplier is not as straightforward as, for
example, in an adder, where the carry chain can be cut at the appropriate place
to achieve narrow-width additions. It is of course possible to use several mul-
tipliers, where at least two have narrow bitwidth, and let them share the same
routing, as in the work of Loh, but such a scheme has several drawbacks: i) The
total area of the multipliers would increase, since several multiplier units are
used. ii) The use of several multipliers increases the fanout of the signals that
drive the inputs of the multipliers. Higher fanout means longer delays and/or
higher power dissipation. iii) There would be a need for multiplexers that con-
nect the active multiplier(s) to the result route. These multiplexers would be
in the critical path, increasing total delay as well as power dissipation. Work
has been done to use 4:2-reduction stages to combine small tree multipliers
into larger multipliers [5, 6]. This can be done in several stages, creating a
larger multiplier out of smaller for each extra 4:2 reduction stage. The desired
bitwidth of the multiplication is then obtained by using multiplexers. This tech-
nique introduces multiplexers in the critical path, which has a negative impact
on the delay.

We present the twin-precision technique [7] that offers the same power re-
duction as operand guarding and the possibility of double-throughput multipli-
cations. The twin-precision technique is an efficient way of achieving double
throughput in a multiplier with low area overhead and with only a small delay

penalty. We show how to apply the twin-precision technique on signed multi-
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pliers based on the regular High Performance Multiplier (HPM) reduction tree.
The two algorithms for signed multiplications that have been used are Baugh-
Wooley and the popular modified-Booth algorithm.

To exemplify the practical value of the twin-precision technique, we have
added a light-weight SIMD extension that utilizes a twin-precision multiplier to
a simple five-stage processor (similar to a MIPS R2000 [8]). In comparison to
the baseline processor, the modified processor has negligible delay and power
overhead, but can still achieve significant application speedups and energy sav-
ings by utilizing its intrinsic SIMD capabilities.

This paper is organized as follows: First, we introduce the twin-precision tech-
nique in Sec. F.2. This is followed by a description of how the twin-precision
technique can be applied to a Baugh-Wooley, Sec. F.3, and a modified-Booth
multiplier, Sec. F.4. The evaluation setup and netlist generation is reviewed in
Sec. E5. Sec. F.6 and Sec. F.7 present the evaluation results for a 130-nm and
a 65-nm process, respectively. Sec. F.8 presents the proportion of narrow-width
(16-bit) multiplications in some typical embedded applications, while Sec. F.9
presents a case study. Finally, the paper is concluded in Sec. F.10.

F.2 Twin-Precision Fundamentals

For a first analysis of the twin-precision technique, the discussion will be based
on an illustration of unsigned binary multiplication. In an unsigned binary mul-
tiplication each bit of one of the operands, called the multiplier, is multiplied
with the second operand, called multiplicand (Eq. F.1). That way one row of
partial products is generated. Each row of partial products is shifted according
to the position of the bit of the multiplier, forming what is commonly called the
partial-product array. Finally, partial products that are in the same column are
summed together, forming the final result. An illustration of an 8-bit multipli-
cation is shown in Fig. F.1.

Pij = Yi%j (E1D)

Let us look at what happens when the precision of the operands is smaller
than the multiplier we intend to use. In this case, the most significant bits of the



E2. TWIN-PRECISION FUNDAMENTALS 143

Y7 Ys Y5 Y4 Yz Y2 Y1 Yo
X7 Xe6 X5 X4 Xz X2 X1 Xo
P70 Pso Pso P40 P30 P20 P10 Poo
P71 Pe1 Ps1 P41 P31 P21 P11 Por
P72 Pe2 Ps2 P42 P32 P22 P12 Po2
P73 Pe3 Ps3 P43 P33 P23 P13 Pos
P74 Pesa Ps4 Pasa P3a P24 P14 Pos
P7s Pes Pss P45 P3s P25 P15 Pos
P76 Pse Pse P46 P3s P26 P16 Pos
P77 Pe7 Ps7 P47 P37 P27 P17 Po7z
S15 S14 S13 S12 S11 S10 S9 Sg S7 S S5 Ss4 S3 S22 S1 $

Figure F.1: [llustration of an unsigned 8-bit multiplication.

operands will only contain zeros, thus large parts of the partial-product array
will consist of zeros. Further, the summation of the most significant part of the
partial-product array and the most significant bits of the final result will only
consist of zeros. An illustration of an 8-bit multiplication, where the precision
of the operands is four bits, is shown in Fig. F.2.

Fig. F.2 shows that large parts of the partial-product array only consist of
zeros and are, thus, not contributing any useful information for the final result.
What if these partial products could be utilized for a second, concurrent multi-
plication?

Since partial products of the same column are summed together, it would
not be wise to use any of the partial products that are in the same column as
the multiplication that is already computed. Looking closer at the 4-bit multi-
plication marked in white in Fig. F.2, one can also observe that the column at
position S should not be used either. This is because that column might have
a carry from the active part of the partial-product array that will constitute the
final S;. Altogether this makes only the partial products in the most significant
part of the partial-product array available for a second multiplication.

In order to be able to use the partial products in the most significant part,

there has to be a way of setting their values. For this we can use the most signif-
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Figure F.2: [llustration of an unsigned 8-bit multiplication, where the precision of the
operands is smaller than the precision of the multiplication. Unused bits of operands

and product, as well as unused partial products, are shown in gray.

icant bits of the operands, since these are not carrying any useful information.
If we are only looking at the upper half of the operands, the partial products
generated from these bits are the ones shown in black in Fig. F.3. By setting the
other partial products to zero, it is then possible to perform two multiplications
within the same partial-product array, without changing the way the summation
of the partial-product array is done. How the partial products, shown in gray,
can be set to zero will be investigated in the implementation section later on.
Assume, for now, that there is a way of setting unwanted partial products
to zero: Then it suddenly becomes possible to partition the multiplier into two
smaller multipliers that can compute multiplications in parallel. In the above
illustrations the two smaller multiplications have been chosen such that they
are of equal size. This is not necessary for the technique to work. Any size of
the two smaller multiplications can be chosen, as long as the precision of the
two smaller multiplications together are equal or smaller than the full precision
(Npyrp) of the multiplication, Eq. F.2. To be able to distinguish between the
two smaller multiplications, they are referred to as the multiplication in the
Least Significant Part (LSP) of the partial-product array with size N gp, shown
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Figure F.3: lllustration of an unsigned 8-bit multiplication, where a 4-bit multiplication,

shown in white, is computed in parallel with a second 4-bit multiplication, shown in

black.

in white, and the multiplication in the Most Significant Part (MSP) with size
Nrsp, shown in black.

Nryrr =2 Nrsp + Nusp (F.2)

It is functionally possible to partition the multiplier into even more multipli-
cations. For example, it would be possible to partition a 64-bit multiplier into
four 16-bit multiplications. Given a number K of low-precision multiplications,

their total size needs to be smaller or equal to the full-precision multiplication.

K

Nrvrn > Y N (E3)
=1

For the rest of this investigation, the precision of the two smaller multipli-
cations will be equal and half the precision (IN/2) of the full precision (N) of
the multiplier.
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F.2.1 A First Implementation

The basic operation of generating a partial product is that of a 1-bit multipli-
cation using a 2-input AND gate, where one of the input signals is one bit of
the multiplier and the second input signal is one bit of the multiplicand. The
summation of the partial products can be done in many different ways, but for
this investigation we are only interested in parallel multipliers that are based
on 3:2 full adders®. For this first implementation an array of adders will be
used because of its close resemblance to the previously used illustration of a
multiplication, see Fig. F.4.

Half Adder A

;s \ /1 /1
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Figure F.4: Block diagram of an unsigned 8-bit array multiplier.
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In the previous section we assumed that there is a way of setting unwanted
partial products to zero. This is easily accomplished by changing the 2-input
AND gate to a 3-input AND gate, where the extra input can be used for a control
signal. Of course, only the AND gates of the partial products that have to be
set to zero need to be changed to a 3-input version. During normal operation
when a full-precision multiplication is executed the control signal is set to high,
thus all partial products are generated as normal and the array of adders will
sum them together and create the final result. When the control signal is set to

2Higher-radix compression is compatible with our strategy.
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low the unwanted partial products will become zero. Since the summation of
the partial products are not overlapping, there is no need to modify the array of
adders. The array of adders will produce the result of the two multiplications
in the upper and lower part of the final output. The block diagram of an 8-bit
twin-precision array multiplier capable of computing two 4-bit multiplications
is shown in Fig. F.5. The two multiplications have been colored in white and
black to visualize what part of the adder array is used for what multiplication.

Half Adder
[] Full Adder
9 AND Gate
ej 3-Input
AND Gate
v Sum
<«- Carry

&

G x-

g _ __
G
G
At
oL B

S S g
S S S

3

2 1 0

Figure F.5: Block diagram of an unsigned 8-bit twin-precision array multiplier. The TP
signal is used for controlling if one full-precision multiplication should be computed or

two 4-bit multiplications should be computed in parallel.

More flexibility might be wanted, like the possibility to compute a sin-
gle narrow-width multiplication or two parallel narrow-width multiplications,
within the same multiplier. This can be done by changing the 2-input AND
gates for the partial product generation of the narrow-width multiplications as
well. In the array multiplier in Fig. F.5, the AND gates for the 4-bit MSP mul-
tiplication, shown in black, can be changed to 3-input AND gates to which a
second control signal can be added. Assuming the multiplier is divided into
two equal parts, this modification makes it possible to either compute an N-bit,
a single N/2-bit or two concurrent N/2-bit multiplications.
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F.2.2 An HPM Implementation

The array multiplier in the previous section was only used to show the prin-
ciple of the twin-precision technique. For high-speed and/or low-power im-
plementations, a logarithmic reduction tree such as the TDM [9], Dadda [10],
Wallace [11] or HPM [12] is preferred for summation of the partial products.
A logarithmic reduction tree has the benefit of shorter logic depth. Further, a
logarithmic tree has fewer glitches making it less power dissipating. A twin-
precision implementation based on the regular HPM reduction tree is shown in
Fig. F.6.

Half Adder

[] Full Adder

v Partial Product
4 Sum

X Carry

iﬁ;;;%%%ﬁﬁé
r%f%%%%%%%%?%?

Figure F.6: Block diagram of an unsigned 8-bit twin-precision multiplier that is based
on the regular HPM reduction tree. A 4-bit multiplication, shown in white, can be com-
puted in parallel with a second 4-bit multiplication, shown in black. For simplicity of
the figure the AND gates for partial product generation is not shown and a ripple carry

is used as final adder.

F.2.3 The Final Adder

The ripple-carry adder as a final adder has been used to simplify the figures and
the understanding of the twin-precision technique. However, the ripple-carry



E3. A BAUGH-WOOLEY IMPLEMENTATION 149

adder can be exchanged for any other more suitable adder, without modifying
the adder itself. The reason for this is that when operating on narrow-width
operations, there will be no carry passing between the two multiplications and

hence, no modification of the adder is needed.

F.3 A Baugh-Wooley Implementation

In the previous section, the concept of twin-precision was introduced by looking
at an unsigned multiplication. However, for many applications signed multipli-
cations are needed and consequently an unsigned multiplier is of limited use.
In this section a twin-precision multiplier based on the Baugh-Wooley (BW)
algorithm will be presented.

F.3.1 Algorithms for Baugh-Wooley

The BW algorithm [13] is a relative straightforward way of doing signed multi-
plications. Fig. F.7 illustrates the algorithm for an 8-bit case, where the partial-
product array has been reorganized according to the scheme of Hatamian [14].
The creation of the reorganized partial-product array comprises three steps: i)
the most significant partial product of the first N — 1 rows and the last row of
partial products except the most significant has to be negated, ii) a constant one
is added to the Nth column, iii) the most significant bit (MSB) of the final result

is negated.

F.3.2 Twin-Precision Using the Baugh-Wooley Algorithm

It is not as easy to deploy the twin-precision technique onto a BW multipli-
cation as it is for the unsigned multiplication, where only parts of the partial
products need to be set to zero. To be able to compute two signed N/2 mul-
tiplications, it is necessary to make a more sophisticated modification of the
partial-product array. Fig. F.8 illustrates an 8-bit BW multiplication, in which
two 4-bit multiplications have been depicted in white and black.

When comparing the illustration of Fig. F.7 with that of Fig. F.8 one can
see that the only modification needed to compute the 4-bit multiplication in the
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Figure E.7: Illustration of a signed 8-bit multiplication, using the Baugh-Wooley algo-

rithm.

MSP of the array is an extra sign bit ’1” in column S;5. For the 4-bit multiplica-
tion in the LSP of the array, there is a need for some more modifications. In the
active partial-product array of the 4-bit LSP multiplication (shown in white), the
most significant partial product of all rows, except the last, needs to be negated.
For the last row it is the opposite, here all partial products, except the most sig-
nificant, are negated. Also for this multiplication a sign bit 1’ is needed, but
this time in column S4. Finally the MSB of the results needs to be negated to

get the correct result of the two 4-bit multiplications.

To allow for the full-precision multiplication of size N to coexist with two
multiplications of size N/2 in the same multiplier, it is necessary to modify the
partial-product generation and the reduction tree. For the N/2-bit multiplica-
tion in the MSP of the array all that is needed is to add a control signal that can
be set to high, when the N/2-bit multiplication is to be computed and to low,
when the full precision N multiplication is to be computed. To compute the
N/2-bit multiplication in the LSP of the array, certain partial products need to
be negated. This can easily be accomplished by changing the 2-input AND gate
that generates the partial product to a 2-input NAND gate followed by an XOR
gate. The second input of the XOR gate can then be used to invert the output of
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Figure E.8: Illustration of a signed 8-bit multiplication, using the Baugh-Wooley algo-

rithm, where one 4-bit multiplication, shown in white, is computed in parallel with a

second 4-bit multiplication, shown in black.

the NAND gate. When computing the N/2-bit LSP multiplication, the control
input to the XOR gate is set to low making it work as a buffer. When computing
a full-precision /N multiplication the same signal is set to high making the XOR
work as an inverter. Finally the MSB of the result needs to be negated and this
can again be achieved by using an XOR gate together with an inverted version
of the control signal for the XOR gates used in the partial-product generation.
Setting unwanted partial products to zero can be done by 3-input AND gates as
for the unsigned case.

Fig. F.9 shows an implementation of a twin-precision 8-bit BW multiplier.
The modifications of the reduction tree compared to the unsigned 8-bit multi-
plier in Fig. F.6 consist of three things; i) the half adders in column 4 and 8 have
been changed to full adders in order to fit the extra sign bits that are needed, ii)
for the sign bit of the 4-bit MSP multiplication there is no half adder that can
be changed in column 12, so here an extra half adder has been added, which
makes it necessary to also add half adders for the following columns of higher
precision, and iii) finally XOR gates have been added at the output of column 7
and 15 so that they can be inverted.
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Figure F.9: Block diagram of a signed 8-bit multiplication, using the Baugh-Wooley
algorithm, where one 4-bit multiplication, shown in white, is computed in parallel with

a second 4-bit multiplication, shown in black.

The simplicity of the twin-precision BW implementation makes it easy to
also compute unsigned multiplications. All that is needed is to set the control
signals accordingly, such that none of the partial products are negated, the XOR
gates are set to not negate the final result and all the sign bits are set to zero.

F.4 A Modified-Booth Implementation

Modified Booth (MB) is a popular and common algorithm for implementation
of signed multipliers. MB is a more complicated algorithm than Baugh-Wooley
(BW), but it has the advantage of only producing half the number of partial
products. In this section a twin-precision multiplier based on the MB algorithm
will be presented.
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F.4.1 Algorithms for Modified Booth

The original Booth algorithm [15] is a way of coding the partial products gener-
ated during a s = x X y multiplication. This is done by considering two bits at a
time of the multiplier, z, and coding them into {—2, —1,0,1,2}. The encoded
number is then multiplied with the multiplicand, y, into a row of recoded partial
products. The number of recoded partial products is fewer than for a scheme
with unrecoded partial products, which during implementation may translate
into higher performance.

The drawback of the original Booth algorithm is that the number of gener-
ated partial products depends on the x-multiplier, which makes the Booth al-
gorithm unsuitable for implementation in hardware. The modified-Booth (MB)
algorithm [16] by MacSorley remedies this by looking at three bits at a time
of the multiplier. Then we are guaranteed that only half the number of partial
products will be generated, compared to a conventional partial product genera-
tion using 2-input AND gates. With a fixed number of partial products the MB
algorithm is suitable for hardware implementation. Fig. F.10 shows which parts
of the multiplier that are encoded and used to recode the multiplicand into a row
of partial products.

X7 Xe X5 Xgq X3 X2 X1 Xp 0

| ROW 3 | | ROW 1 |
ROW 4 | 1 ROW 2 |

Figure F.10: 8-bit modified-Booth encoding.

A MB multiplier works internally with two’s complement representation
of the partial products, in order to be able to multiply the encoded {—2,—1}
with the multiplicand. To avoid having to sign extend the rows of recoded
partial products, the sign-extension prevention scheme presented by Fadavi-
Ardekani [17] has been used. In two’s complement representation, a change of
sign includes the insertion of a ’1” at the Least Significant Bit (LSB) position.
To avoid getting an irregular partial-product array we draw on the idea of Yeh

et al. [18], called modified partial-product array. The idea is to pre-compute
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the impact on the two least significant positions of a row of recoded partial
products by the insertion of a 1’ during sign change. The pre-computation
calculates the addition of the LSB with the potential ’1’, from which the sum is
used as the new LSB for the row of recoded partial products. A potential carry
from the pre-computation is inserted at the second least significant position.
The pre-computation of the new LSB can be done according to Eq. F.4. The
pre-computation of a potential carry is as given by Eq. F.5. Here Eq. ES5 is
different from that presented by Yeh et al. [18].

PLsBi = Yo(T2i—1 B T2;) (F.4)

a; = T2i41(T2i—1 + T2 + Yrsp + T2i + YLsp + T2i-1) (ES5)
An illustration of an 8-bit MB multiplication with the sign-extension pre-

vention and modified partial-product array scheme can be seen in Fig. F.11.
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1 0 1 0 1 0 1 1 a3 a aq Ao

S15 S14 S13 S12 S11 S10 S9 Sg S7 S S5 Ss4 S3 S S1 S

Figure F.11: [llustration of a signed 8-bit multiplication using the modified-Booth algo-

rithm.

F.4.2 Twin-Precision Using the modified-Booth Algorithm

Implementing the twin-precision scheme on the MB algorithm is not as straight-
forward as for the BW implementation (Sec. F.3). It is not possible to take the
partial products from the full-precision MB multiplication and use only the par-
tial products that are of interest for the narrow-width MB multiplications. The
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Figure F.12: [llustration of a signed 8-bit multiplication, using the modified-Booth al-
gorithm, where one 4-bit multiplication, shown in white, is computed in parallel with a

second 4-bit multiplication, shown in black.

reason for this is that all partial products are not computed the same way and
there exist several special cases that need to be handled.

By comparing the two multiplications in Fig. F.11 and Fig. F.12 (for which
we used N = 8), we can see what needs to be handled in order to switch
between the different modes of operation:

e The partial products that are denoted p49 and p4; during normal 8-bit
multiplication (Fig. F.11) need to define partial products that are used to
prevent sign extension in the narrow-width 4-bit multiplication in the LSP
(Fig. F.12).

e The partial-products that are denoted p4o and py3 during normal 8-bit
multiplication need to define p;sp2 and prsps for the narrow-width 4-
bit multiplication in the MSP.

e The ajrspo and aprspi that are needed for the multiplication in the MSP
have to be added.

e The pattern of 1’s and 0’s for the normal 8-bit multiplication cannot be
used in narrow-width mode. For the two 4-bit multiplications, we need
two shorter patterns of 1’s and 0’s.
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The implementation of the MB twin-precision multiplication does not call
for any significant changes to the reduction tree of a conventional MB multi-
plier. When comparing the multiplications in Fig. F.11 and Fig. F.12, we can
see that the position of the signals in the lowest row is the only difference that
has an impact on the reduction tree. This means that there is a need for an extra
input in two of the columns (/2 and 3N /2) compared to the conventional MB
multiplier; this requires two extra half adders in the reduction tree.

The biggest difference between a conventional MB multiplier and a twin-
precision MB multiplier is the generation of inputs to the reduction tree. To
switch between modes of operation, logic is added to the recoder to allow for
generation of the partial products needed, for sign-extension prevention as well
as prspi, which are needed for N/2-bit multiplications in the LSP and the
MSP, respectively. There is also a need for multiplexers that, depending on the
mode of operation, select the appropriate signal as input to the reduction tree.
Further, partial products that are not being used during the computation of N/2-
bit multiplications have to be set to zero in order to not corrupt the computation.
An example of an 8-bit MB twin-precision multiplier is shown in Fig. F.13.

[ ] Full adder
P42/LSB, Half adder

X/Y 8 bit/ 4 bit operation

Partial product for the two
a1 on L 4 bit multiplications

0/1  1/a; P43/LSB:

11 a1/a1

ao/ao

rEERA |
%%%%f%%ﬁ%%%%%

7

Figure F.13: Block diagram of a signed 8-bit multiplication using the modified-Booth
algorithm, where a 4-bit multiplication, shown in white, is computed in parallel with a

second 4-bit multiplication, shown in black.
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The recode logic can be implemented in many different ways. For this im-
plementation we have chosen the recoding scheme presented by Yeh et al. [18].
The circuits for encoding and decoding are shown in Fig. F.14.
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Figure F.14: Encode and decode circuit for modified Booth.

For the partial products that need to be set to zero, the output of the decode
circuit can be connected to the input of a 2-input AND gate. The second input
of the AND gate can then be used as a control signal, as in the case of for the
unsigned and BW implementations. This is a straightforward method, and it is
possible to construct more efficient solutions for setting the partial product to
zero, if the option of custom designed cells is available. This is not necessary
for correct operation, but it could increase the speed of the decode circuit.

For correct operation the input to the encoder for the first row in the N/2-bit
MSP multiplication has to be set to zero, instead of using /21 as its input.
An example of the encoding scheme for two 4-bit multiplications can be seen
in Fig. F.15.

In order to separate the two different N/2-bit multiplications, such that the
multiplication in the LSP does not interfere with the multiplication in the MSP,
we need to consider another other issue. By looking at the pattern of 1’s and 0’s
that is used for sign-extension prevention, we see that the most significant *1’
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Figure F.15: Encoding scheme for two 4-bit multiplications.

is only used to invert the final sy _1-bit. However, the carry that potentially
could be generated by this extra 1’ is not of interest for the final result. If the
most significant 1’ for the multiplication in the LSP would be inserted into the
reduction tree it would mean that a carry could be generated. This potential
carry would propagate into the multiplication in the MSP and corrupt the result.
To avoid inserting the most significant *1°, an XOR gate is added after the final
adder allowing the MSB of the N/2-bit LSP multiplication to be negated, which
is the sole purpose of the most significant *1°.

F.5 Netlist Generation and Evaluation Setup

To evaluate the efficiency of the twin-precision technique a multiplier generator
was written [19]. The generator is capable of generating VHDL descriptions
of conventional Baugh-Wooley (BW) and modified-Booth (MB) multipliers as
well as twin-precision versions of both of these, according to the schemes pre-
sented in the previous sections (F.3 and F.4)>. The VHDL generator was verified
to generate correct multipliers of sizes up to 16 bits by simulating all possible
input patterns and verifying the result using Cadence NC-VHDL [21]. For mul-
tipliers larger than 16 bits, the functionality was verified by feeding the multi-
pliers with one million random input vectors and verifying the result.

The VHDL descriptions were synthesized using Synopsys Design Com-
piler [22] together with a commercially available 1.2 V 130-nm process. The
synthesized netlist was taken through place and route using Cadence Encoun-
ter [23]. To create a common interface to the multipliers and ease the usage of
the EDA tools that do not interact efficiently with purely combinatorial circuits,

3 A Kogge-Stone [20] adder was chosen as final adder for all types of multipliers.
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registers were inserted at the primary multiplier inputs and outputs. Delay es-
timations are based on RC extracted data from the placed and routed netlists,
while power estimates are obtained after applying value change dump (VCD)
statistics of simulations of 10,000 random input vectors for each of the possible
operational modes of the multiplier. Delay, power, and area figures include the
input and output registers on the multipliers and are given for the worst-case
corner at 1.08 V.

The timing constraints for place-and-route were set systematically through
extensive use of scripting; the goal was to push the limits of the timing for each
generated VHDL description®. This strategy indeed achieves a fast implemen-
tation, however, the power dissipation becomes high, due to excessive buffering
and resizing of gates. Therefore, the timing was relaxed with 100, 300, and
600 ps, relative to the fastest achieved timing for each implementation. Power
estimates were subsequently obtained for each timing constraint.

F.5.1 Synthesis and Layout of Baugh-Wooley Netlists

Our layout and timing analysis showed that the simplicity of the BW implemen-
tation comes with an added benefit in that it does not create high fanout signals.
The signals with highest fanout in the BW case are the input signals, which
are connected to the input of N 2-input AND gates for a multiplier of size N.
This creates a reasonable fanout of the input signals for multipliers up to at least
64 bits, without degrading the performance significantly. The mapping of the
BW multiplier code to gate-level netlist during synthesis was only constrained
in the way that half and full adders of the reduction tree were mapped to their
respective minimum-size cells and the map effort in Design Compiler was set
to high.

“4For the twin-precision implementations, the control signals for switching mode between N,
1xN/2, and 2x N/2 were not included when estimating timing. However, these control signals do
not have any significant effect on the timing in a practical case, as will be shown in Sec. F.9.
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F.5.2 Synthesis and Layout of Modified-Booth Netlists

The first attempt at creating layouts for the VHDL generated MB multipliers
exposed a big problem with high fanout signals. This can easily be realized by
investigating the encode and decode circuits from Fig. F.14. As can be seen,
the z9,41 input signal goes straight through the encoder as the NEG signal and
drives two XNOR gates for each partial product of a single row. This means
that the fanout of half of the primary x-inputs is at least 2N XNOR gates for
a multiplier of size N. Further, the encoder outputs X1, Z, and X2 drive N
decoders creating a need for large XOR and XNOR gates in the encode stage,
which increases the fanout of the z-inputs even more.

To deal with the fanout problem, the fanout of X1, Z and X2 was reduced
by instantiating multiple encoders for each row of partial products. To limit the
fanout of the x5; signal, an inverter buffer was inserted to drive the NEG sig-
nal. Finally, minimum-size inverters were added to x;_1, x;, and x;1, inputs
of the encoder, thus, the fanout of primary z-inputs is reduced. The new encode
circuit can be viewed in Fig. F.16.
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Figure F.16: Buffered encode circuit for fanout reduction.

The mapping of the MB multiplier code to gate-level netlist was constrained
in such way that Design Compiler could not remove the minimum-size inverters
of the new encoder, Fig. F.16. In all other respects the synthesized netlist of
the MB multiplier was constrained in the same way as the BW netlist. In other
words, half and full adders of the reduction tree were mapped to their respective
cells of minimum size from the cell library and the map effort was set to high.
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F.6 Results and Discussion

One of the goals of the twin-precision technique is to keep the performance
degradation of the multiplier’s full-precision operation at a minimum. To com-
pare twin-precision implementations against conventional Baugh-Wooley (BW)
and modified Booth multipliers (MB), each multiplier was taken through the
EDA flow outlined previously.

Fig. F.17 shows the delay and power dissipation for conventional and twin-
precision enabled BW and MB multipliers of size 16, 32, and 48 bits. The figure
shows how the power changes as the timing requirements are relaxed with 100,
300, and 600 ps. A clear trend is that a BW implementation is more power
efficient than a MB implementation. However, a MB implementation can, in
some cases, exhibit higher maximum speed.
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Figure K.17: The power dissipation for different timing constraints applied to conven-
tional and twin-precision Baugh-Wooley and modified-Booth multipliers of size 16, 32,
and 48 bits.
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The result of the comparison of the twin-precision implementations with
their conventional counterparts is that a twin-precision implementation of Baugh-
Wooley performs equal in terms of delay for the 16 and 48-bit case and is only
160 ps slower for the 32-bit case. When we consider power, the twin-precision
implementation dissipates 8%, 5%, and 6% more power than a conventional 16,
32, and 48-bit BW implementation.

From our results it is clear that the complexity of the MB recoding cir-
cuit makes it difficult to efficiently update an MB implementation into a twin-
precision multiplier. The MB twin-precision implementation has the poorest
performance, both in terms of delay and power, of the four compared imple-
mentation choices.

F.6.1 Delay

It is clear that the delay is not greatly degraded by the introduction of the twin-
precision technique. Fig. F.18 shows the minimum delay for conventional and
twin-precision enabled BW and MB multipliers. As can be seen the difference
in timing is not large, ranging from O to 150 ps in difference when comparing
the two BW multipliers’. The figure shows that a twin-precision enabled BW
implementation is the better choice compared to a twin-precision enabled MB

implementation.

F.6.2 Energy per Operation

One of the reasons to choose a twin-precision implementation instead of a
conventional multiplier implementation is that energy can be saved® by reduc-
ing the precision of the multiplier, when operating on narrow-width operands.
To compute the energy-per-operation, we extracted delay and power values
(Fig. F.17) for various sizes of each multiplier design. We then computed the
energy, as energy = delay - power, for each delay and power pair and from
these we chose the smallest energy for each multiplier design and size. The
result from this investigation is shown in Fig. F.19.

SNot counting the 64-bit implementation.
6The other reason is to improve computational throughput.
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Figure F.18: The delay for conventional and twin-precision Baugh-Wooley and
modified-Booth multipliers of sizes from 8 to 64 bits.

The twin-precision multiplier on average has 10% higher energy-per-operation,
when operating on full-precision N-bit data, than a conventional BW imple-
mentation. However, for half of the implementations the energy is on average
only 5% higher. The main benefit, in terms of energy, of the twin-precision
technique is when operating the multiplier in narrow-width mode. Fig. F.19
also shows the energy-per-operation for a single multiplication of size N/2-bit
when computing two N/2 multiplications concurrently. When working with
narrow-width data the twin-precision multiplier has on average 59% lower en-

ergy dissipation than the conventional BW multiplier.

From Fig. F.19 we can establish that a MB implementation is not energy
efficient, whether it is a conventional or twin-precision implementation.
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Figure F.19: The energy-per-operation for conventional and twin-precision Baugh-

Wooley and modified-Booth multipliers of sizes from 8 to 64 bits.

F.6.3 Area

Fig. F20 shows that a twin-precision multiplier requires slightly more area
than its conventional counterpart. However, the twin-precision implementation
based on the BW algorithm is smaller than the commonly used conventional

MB implementation.

F.6.4 Power Reduction by the Use of Power Gating

Even though the reduction in power by the use of the twin-precision technique
is substantial, the power overhead of an IN/2-bit multiplication compared to a
conventional multiplier of size N/2 is high. For the 32-bit twin-precision BW
implementation operating on a single 16-bit data, the overhead is 55% in our

130-nm technology evaluation. This overhead is reduced to 15% per operation
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Figure F.20: The area for conventional and twin-precision Baugh-Wooley and modified-

Booth multipliers of sizes from 8 to 64 bits.

if the twin-precisions multiplier is operating on two 16-bit data concurrently.
The reduction in power overhead is due to less logic of the multiplier being idle
and leaking, and that the static power dissipation of the idle logic is amortized

over two 16-bit operations.

To reduce the power dissipation overhead of the narrow-width mode it is
possible to apply power gating, instead of only setting the partial products to
zero by the use of 3-input AND gates. Power gating involves adding power cut-
off transistors to the logic cells that should be gated off when idle, effectively
isolating the cell from the power supply when the cell is idle. The output of the
power-gated cells will, thus, be undefined and to avoid these signals to interfere
with the computation in the active part of the multiplier, they need to be forced
to zero. This can be done by adding a transistor, on the output of the cells, that

is connected to ground. Thus, when the power supply is gated off, the transistor
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is activated making the output go low. This calls for a custom layout though,
since such cells, where the output is forced to zero when power gated, can be
hard to find in standard-cell libraries.

To be able to apply power gating to different areas of the partial-product
generation, reduction tree, and the final adder, a suitable power grid is needed.
Fig. F21 shows an example of a power grid for an 8-bit twin-precision BW

multiplier.
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Figure F.21: Power grid for an 8-bit twin-precision Baugh-Wooley implementation.

Previous work of ours [24] showed that by using precision-dependent power-
gating based on the SCCMOS technique, the power overhead for a 16-bit BW
multiplier can be reduced with 53% at a delay penalty of less than 3%. The
results from that work cannot be directly applied to these investigations, be-
cause both process technology and implementation abstraction level are differ-
ent’. However, that work indicates the potential in using precision-dependent
power-gating for reducing the power dissipation even further for twin-precision

multipliers.

7The process technologies are both 130-nm, however the vendors are different.
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F.7 Implementation in a 65-nm Process

We also used a commercial 65-nm process (low power cell library with standard
V) to extend our evaluation. We implemented four different 32-bit multipliers;
a conventional Baugh-Wooley (BW), a conventional modified-Booth (MB), a
twin-precision BW and a twin-precision MB multiplier.

For this 65-nm EDA flow, Cadence First Encounter [25] was used for syn-
thesis, placement, and routing. For the 65-nm process, we were not able to do
the same fanout investigations and buffer insertions for the MB multipliers, as
described for the 130-nm process. All VHDL descriptions were taken through
the EDA flow using the same script and setup. The synthesis was restricted to
use only full and half adder cells. However, the technology mapping algorithm
is able to improve the designated gate structure, and thus the adder functional-
ity in some cases is implemented as a set of elementary standard cells. Timing
and power estimates are obtained for the worst-case 125 °C corner at 1.1 V. The
power dissipation was estimated using value change dump (VCD) data from
simulations with 10,000 random input vectors; that is, just as in the case of the
130-nm evaluation. The timing we present includes switching of control signals

for changing operational mode of the twin-precision multipliers.

Table F.1: Delay, power, and area estimates for 32-bit conventional and twin-precision

enabled Baugh-Wooley and modified-Booth multipliers in a 65-nm process.

Delay (ns) | Power (mW) | Area (kum2)
Baugh Conv. 2.59 (100%) | 23.4 (100%) 48 (100%)
Baugh 1x32-bit | 2.80 (108%) | 24.2 (103%) 53 (111%)
Baugh 1x16-bit - 8.8 (38%) -
Baugh 2x16-bit - 14.5 (62%) -
Booth Conv. 2.50 (97%) | 37.5 (160%) 52 (108%)
Booth 1x32-bit | 2.68 (103%) | 38.0 (162%) 53 (111%)
Booth 1x16-bit - 20.2 ( 86%) -
Booth 2x16-bit - 27.0 (115%) -
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The results from the placed and routed 65-nm 32-bit conventional and twin-
precision enabled BW and MB multipliers can be found in Table F.1. The table
shows the minimum delay and area for the four different multiplier implemen-
tations, as well as the power dissipation for the conventional multipliers and for
the three different operational modes of the twin-precision multipliers.

The twin-precision implementation is about 200 ps slower than its conven-
tional counterpart. Further, the MB implementation is slightly faster than the
corresponding BW implementation. The twin-precision BW implementation
occupies 11% more area than a conventional BW implementation, while for the
twin-precision MB implementation the increase in area is only 3%, compared
to the conventional MB.

More interestingly, there is a large power reduction when a 32-bit twin-
precision multiplier operates on 16-bit data. The power dissipation is reduced
with more than 60%, when computing one 16-bit multiplication with the twin-
precision enabled BW multiplier, compared to a conventional BW multiplier. If
an application is adopted to compute two 16-bit multiplications in parallel, the
reduction in power dissipation per operation is improved further and would be
close to 70%.

We can observe similar improvements for the twin-precision enabled MB
multiplier, but the generally high power dissipation makes MB a poor choice
for low-power implementations.

Table F.2: Delay, power, and area estimates for 32-bit conventional and twin-precision

enabled Baugh-Wooley and modified-Booth multipliers in a 130-nm process.

Delay (ns) | Power (mW) | Area (kpum?)
Baugh Conv. 3.63 (100%) 7.8 (100%) 89 (100%)
Baugh 1x32-bit | 3.99 (110%) | 7.3 (94%) | 99 (111%)
Baugh 1x16-bit ; 40 (51%) ;
Baugh 2x16-bit - 5.5(71%) -
Booth Conv. 3.68 (101%) 9.7 (124%) 109 (122%)
Booth 1x32-bit | 3.75 (103%) | 11.1 (142%) | 120 (135%)
Booth 1x16-bit ; 7.2 (92%) ;
Booth 2x16-bit - 9.3 (119%) -
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For reference, Table F.2 shows the same data for the 130-nm process tech-
nology as Table F.1 shows for the 65-nm process technology. We notice that
the timing and area for the 32-bit conventional and twin-precision enabled BW
implementation show similar results for the two different technologies. Con-
sidering power we can see that the overhead for the twin-precision multiplier,
when operating on 32-bit data, is higher for the 65-nm technology. However,
the reduction in power when operating on 16-bit data is significantly larger for
the 65-nm process than for the older 130-nm process.

When comparing the MB implementations for the two different process
technologies, the 65-nm process offers large improvements for the timing and
area values. The BW implementations do not gain as much from scaling. How-
ever, the power dissipation of the MB implementations drastically increases

relative a BW implementation when moving to the newer process.

F.8 Workload Characterization

The SimpleScalar [26] (Version 3.0d) instruction-set simulator has been used to
simulate ten different benchmarks from the EEMBC [27] TeleBench and Con-
sumerBench benchmark suites. This was done in order to get realistic data of
the amount of narrow-width (16-bit) multiplications in typical embedded work-
loads. The sim-fast version of the SimpleScalar simulator was modified such
that the result for each executed multiplication is monitored: If a results is small
enough to be represented using only 16 bits, a counter variable is incremented.
Fig. F.22 shows the result from the simulations, with the number of narrow-
width multiplications shown as the percentage of the total number of executed
multiplications. The figure clearly shows that many of the multiplications be-
ing performed could be represented using only 16-bits. On average, for all the
benchmarks and their different data sets, the fraction of narrow-width opera-
tions is 52% of all executed multiplications.

The way the multiplications of the benchmarks were monitored assures that
the result from the multiplier can indeed be fed, without any truncation, directly
to another unit operating on narrow-width operands, since the result is only

16-bit wide. However, this gives a pessimistic value of the number of narrow-
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width multiplications that really exists in the benchmarks, since only the input
operands need to be explicitly expressed using 16 bits. Take for example the
FFT benchmark, which works with 16-bit data: In the FFT benchmark simu-
lation 25-40% of the multiplications were found to be of narrow-width type,
depending on the input data. However, the FFT benchmark works only with
16-bit data, which has the consequence that the result of the multiplication is
right-shifted 15 bits. This inherent truncation makes it possible to compute all

multiplications in narrow-width mode, as will be shown in Sec. F.9.
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Figure F.22: Fraction of narrow-width (16-bit) multiplications in the EEMBC TeleBench

and ConsumerBench suites.

From the data given in Tables F.1 and F.2, it is possible to calculate the en-
ergy dissipation when performing multiplications with a certain fraction of 16-
bit operands. Fig. F.23 shows the energy dissipation for twin-precision Baugh-
Wooley (BW) multipliers, as the fraction of signed 16-bit operands is varied.
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The energy is shown relative that of a conventional (signed) BW multiplier that
dissipates roughly the same energy regardless of what input operand bitwidth is

used.
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Figure F.23: Energy dissipation when varying the relation between 32-bit and 16-bit
operands for twin-precision Baugh-Wooley multipliers in the 65-nm and 130-nm pro-

cesses, relative their respective conventional multiplier.

In the 65-nm process, for a twin-precision BW multiplier to have equal to
or less energy dissipation than a conventional BW multiplier, at least 15-18%
of the operations have to be executed in 16-bit mode. For the 130-nm process,
the same figure is only 5-7%. However, as the fraction of 16-bit operations in-
creases, further to the right in the figure, the benefit of utilizing a twin-precision
multiplier increases more rapidly for the 65-nm process.

The energy dissipation when performing the multiplications for the ten cho-
sen benchmarks can on average be reduced with 25-28% for the 65-nm im-
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plementation and 21-30% for the 130-nm implementation, if the 1x16-bit and
2x16-bit modes would be utilized by the benchmarks. The energy reduction
from using the twin-precision technique is, thus, similar across the entire set of
workloads. Specifically an energy reduction of about 25% can be expected for

the multiplier unit.

F.9 SIMD Multiplier Extension, a Case Study

Single Instruction Multiple Data (SIMD) is a way of exploiting data parallelism
in an application and is commonly used in high-end and embedded processors.
SIMD instructions are commonly supported by a specialized datapath unit or
coprocessor [28-30] that requires additional hardware units or as an intrinsic
part of the standard datapath [31-34] that commonly lack support for SIMD
integer multiplications.

The twin-precision technique makes it possible to support SIMD multipli-
cations without the need to add another costly multiplier unit. A designer can
apply the twin-precision technique, at a very small cost, on the conventional
multiplier of a processor. This allows for SIMD multiplier functionality in pro-
cessors, where it is normally not considered.

To evaluate this possibility, we have chosen to modify a processor that is
inspired by the MIPS R2000 [8]. The Arithmetic Logic Unit (ALU) and the
multiplier are modified such that the processor not only can perform 32-bit op-
erations, but such that it also has support for performing operations on packed
data. Here, a packed data item represents the concatenation of two 16-bit data
items; we henceforth refer to this as a packed 16-bit data. A schematic of the

implemented datapath is shown in Fig. F.24.

F.9.1 Instruction Set Extension

New instructions need to be augmented to the basic instruction set, in order
to allow the processor to support 16-bit SIMD operations. But to reduce the
impact on the processor cycle time, we add as few instructions as possible.
Logical operations are performed bit-wise, thus, their functionality is the same
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Figure F.24: Schematic view of the implemented processor datapath.

regardless if the data is 32-bit wide or if it is packed 16-bit data. Therefore,
there is no need to modify or add any instructions for logical operations. To
support arithmetic operations on packed 16-bit data, three new instructions are
added: Addition (PADD), subtraction (PSUB), and multiplication (PMULT).
In order to limit the instruction growth’s impact on performance, specialized
instructions for shift, compare and branch are not added.

To ease conversion from 32-bit to packed 16-bit data, an instruction (PACK)
is added: As illustrated in Fig. F.25, PACK takes two 32-bit data items, and
generates a packed 16-bit data item out of each respective lower 16 bits.

[31 16B ] [31 16[15 0]
N\
31 16 8 0]

Figure F.25: Two 32-bit data items are converted to one packed 16-bit item.

The conversion of a packed 16-bit data item into two 32-bit data items is
partly supported by existing instructions: i) The 16 higher bits of the packed
16-bit data item are extracted through a shift of 16 positions to the right. This
can either be done with the conventional Shift Right Logic (SRL) or Shift Right
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Arithmetic (SRA) instruction to get an unsigned or signed 32-bit data item. ii)
For the 16 lower bits, the upper half of the packed 16-bit data is truncated (for
unsigned representation) or it needs to represent a sign extension (for signed
representation). A truncation can be done by a normal AND instruction, and a
bit mask with *0’ for the 16 higher bits and *1’ for the 16 lower bits. However,
the sign extension of the lower 16 bits can not be performed with a single in-
struction from the conventional instruction set of the processor. An instruction
(SIGN16) that sign extends the lower 16 bits is therefore included.

Table F.3 lists the five instructions that we add to the basic instruction set
and the functional units that subsequently need to be modified, to provide the

hardware support.

Table F.3: Added Instructions to the Processor Instruction Set

Instruction | Functional Unit
PADD ALU
PSUB ALU
PACK ALU
SIGN16 ALU
PMULT Multiplier

F.9.2 Arithmetic Logic Unit

The adder in the Arithmetic Logic Unit (ALU) needs to be explicitly designed
to support the PADD and PSUB instructions. Our implementation is based
on a Sklansky prefix adder [35], an adder type which is known to represent
a good trade-off between performance and area. More importantly, for this
work, it has a SIMD-friendly structure that inherently offers the twin-precision
capability for addition: By only cutting the carry chain between the lower and
the higher 16 bits of the adder, a 32-bit Sklansky adder can also support the
computation of two 16-bit additions in parallel. The ALU part of our light-
weight SIMD extension relies on the insertion of a single AND-gate (A) in
the carry-propagation path and the connection of one of its inputs to a control
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signal (T), see Fig. F.26. If control signal T is high, the adder will operate as a
conventional 32-bit adder. On the other hand, if T is low, the carry propagation
path is broken, and the adder will compute two 16-bit additions instead.
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Figure F.26: A 16-bit Sklansky adder can be modified to optionally support also two
8-bit additions.

To support the PSUB instruction it is necessary to insert a carry at position
16 of the adder: For this purpose we use, at position 16, a circuit that generates
the propagate and generate signals from bits of the A and B operands and an
input carry signal (C).

The ALU is also extended with the PACK and SIGN16 instructions. These
are low-complexity instructions, which only cause input signals to be rerouted.

F.9.3 Evaluation and Results

The processor using the light-weight SIMD extension was evaluated using the
compiler, simulation and implementation framework of the FlexSoC project [36,
37]. The experimental framework consists of a compiler that reads MIPS as-
sembly, and generates data traces both used for cycle-accurate architectural sim-
ulations and for logic simulation of our VHDL implementations.

The experimental framework was updated so that the compiler supports the
new PMULT, PADD, PSUB, PACK and SIGN16 instructions. The VHDL im-
plementation of the processor datapath was updated with the modified ALU
and a twin-precision Baugh-Wooley multiplier, as described in the previous



176 PAPER F

sections. In this implementation, in order to reduce the critical path of the pro-
cessor, the multiplier is pipelined into two stages. Both the reference and the
twin-precision enabled processor used multipliers that had a level of registers
situated between reduction tree and final adder®. The VHDL implementation
does not include the logic for the control circuitry, but timing and power esti-
mates do include buffers for the datapath’s control signals. The addition of only
five instructions is expected to have a negligible impact on processor perfor-

mance, in terms of control circuitry.

To evaluate the added SIMD capability, we modified the Fast Fourier Trans-
form (FFT) application from the EEMBC [27] TeleBench suite. The appli-
cation implements a decimation-in-time 256-point 16-bit FFT. The applica-
tion source code was compiled to assembly using GCC mips-cross-compiler
with EEMBC'’s default optimization flags set. The computational kernel was
identified and MULT, ADD, and SUB instructions were manually changed to
PMULT, PADD, and PSUB instructions when applicable. The PACK instruc-
tion was used for packing the two 32-bit results from a PMULT instruction into
one packed 16-bit data item. The SIGN16 instruction was never used by the
FFT application, but it is still included in the implementation as a support for

other applications.

VHDL implementations of the processor with and without the light-weight
SIMD extension were taken through a synthesis [22] and place&route [23] flow
for the 130-nm process used in previous sections. Delay and power estimations
are based on RC extracted data from the placed and routed netlists. For power
estimation, value change dump (VCD) data from logical simulations of the FFT
applications was used to capture accurate switching activities. The presented
power estimates are defined at the maximum clock frequency for each of the

implementations.

Table F.4 shows the results for the two processor implementations. The
delay and power values are almost identical; a 60 ps and a 0.09 mW increase
can be observed for the processor implementation with SIMD support. The
processor with SIMD extension has a limited area penalty of 6%.

8Pipelining a twin-precision multiplier is as straightforward as for conventional multipliers.
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Table F.4: Delay, Power, and Area Estimates

Delay (ns) | Power (mW) | Area (kpum?)
Conv. 2.29 6.41 267
SIMD 2.35 6.50 283

The number of executed cycles for the FFT application is reduced by 18%,
when comparing the result from the original FFT application executed on the
conventional processor with that of the execution of the SIMD-enabled FFT
application executed on the processor with SIMD extension, Table F.5. This
translates into a 15% speedup of total execution time and a 14% energy reduc-
tion for the SIMD-enabled FFT application.

Table E.5: Cycle Count, Execution Time, and Energy Dissipation

Cycle Count Time (ms) | Energy (uJ)
Conv. | 57368 (100%) | 131 (100%) | 842 (100%)
SIMD | 47292 (82%) | 111 (85%) | 722 ( 86%)

The main memory was not modeled here and, thus, power dissipation for
memory accesses is not included. However, since retrieving and storing the data
of the FFT computation is done on packed 16-bit data, where two 16-bit data
items are read in parallel, the SIMD implementation has 39-43% less read and
write accesses to main memory, Table F.6. This is close to the optimal reduction
of memory accesses that can be achieved by utilizing SIMD execution. If all
performed accesses are for retrieving and storing data of the FFT computation,
the number of memory access could ideally be reduced by 50%, since two data
items are read in parallel. The reason that the reduction of memory access
deviates from the ideal is due to storing and retrieving variables, such as address
pointers, on the stack located in main memory.

In embedded multimedia systems, access to main memory and traffic on
shared buses are one of the main concerns during system design. With a non-
ideal memory subsystem, the access to memory could take longer time than
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Table F.6: Memory Read and Write Access

Read Write
Conv. | 9013 (100%) | 5568 (100%)
SIMD | 5170 (57%) | 3371 (61%)

the single clock cycle we have assumed. This could have a larger negative
impact on the execution time for the conventional implementation. The fewer
number of accesses should also reduce the energy dissipation for the SIMD
implementation, even though more accesses are 32-bit wide instead of 16-bit as
for the conventional implementation.

F.10 Conclusions

The presented twin-precision technique allows for flexible architectural solu-
tions, where the variation in operand bitwidth that is common in most applica-
tions can be harnessed to decrease power dissipation and to increase throughput
of multiplications.

It turns out that the Baugh-Wooley algorithm implemented on a HPM re-
duction tree is particularly suitable for a twin-precision implementation. Due
to the simplicity of the implementation, only minor modifications are needed
to comply with the twin-precision technique. This makes for an efficient twin-
precision implementation, capable of both signed and unsigned multiplications.

Currently a lot of research is done on reconfigurable architectures, where the
architecture can be adapted to the applications that are being executed. Some
of these proposed architectures can adapt their arithmetic logic units to operate
on different bitwidths, depending on the application. One such reconfigurable
architecture is that of the FlexSoC project [38]. In these types of architectures
it is necessary to have a multiplier that can efficiently operate over a wide range
of bitwidths. The twin-precision technique, which offers flexibility at a low
implementation overhead, makes it possible to efficiently deploy these flexible
architectures.
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A Look-Ahead
Task Management Unit for
Embedded Multi-Core Architectures

Efficient utilization of multi-core architectures relies on the partitioning of ap-
plications into tasks and mapping the tasks to cores. In some applications (e.g.
H.264 video decoding parallelized at macro-block level) these tasks have de-
pendencies among each other. Task scheduling, consisting of selecting a task
with satisfied dependencies and mapping it to a core, is typically a functionality
delegated to the Operating System. In this paper we present a hardware Task
Management Unit (TMU) that looks ahead in time to find tasks to be executed
by a multi-core architecture. The look-ahead functionality is shown to reduce
the task management overhead by 40-50% when executing a parallelized ver-
sion of an H.264 video decoder on an architecture with up to 16 cores. In over-
all, the TMU-based multi-core architecture reaches a speedup of more than 14x
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on 16 cores running H.264 video decoding, assuming CABAC is implemented
in a dedicated coprocessor.

G.1 Introduction

The current trend in computer architecture is to add more cores to increase per-
formance. This is also true in the embedded domain, where multi-core solutions
are common and for which the general trend is even towards many-core archi-
tectures. In order to improve performance on a multi-core architecture, it is
necessary that applications are partitioned into tasks, which can be executed in
parallel on separate cores.

As the number of cores increases, it becomes necessary to partition appli-
cations into more and smaller tasks, to keep all the cores busy and accelerate
overall application performance. The creation and distribution of tasks (hence-
forth called task scheduling) has commonly been handled in software. However,
as tasks become smaller and increase in number, a software solution will intro-
duce overheads and will not be efficient. Kumar ez al. [1] showed that by adding
hardware support for scheduling of fine grained parallel applications, speedups
of 1.7-2.1 can be achieved compared to full software task scheduling.

In the multimedia domain, partitioning of an application will commonly in-
troduce dependencies between tasks, forcing tasks to be executed in a certain
order. Examples of such dependencies will be shown for a H.264 decoder in
section G.2 of this article. For this kind of application workloads, task schedul-
ing becomes a rask management problem. Together with task creation and dis-
tribution, it is also necessary to introduce algorithms that keep track of depen-
dencies and that determine when tasks are ready to be executed. The algorithms
do not have to be complex, but they still can introduce large overheads. For a
parallelized decoder for Super HD H.264 resolution (3840 pixels x 2160 lines),
the code for keeping track of when a task can be executed accounts for 9% of
the execution time of parallelized sections.

Code for managing tasks is generally simple, consisting of arithmetic op-
erations (such as integer addition, subtraction, and comparison), branching and
atomic loads and stores. These operations can be efficiently implemented in a

task management unit that will offload the dependency computation from con-
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ventional cores. This will allow for a more efficient use of resources, since a
tailored unit can execute dependency checks more efficiently, in terms of power

and area, than executed on a conventional core.

A task management unit can wait until a task executed by a core has finished
its execution before updating its dependencies. In this way, the task manage-
ment unit will have the current state of dependencies and will know exactly
which task(s) that can be executed next. However, if there is no previous task
that is ready for execution when the core finishes its current execution, it has to
wait for the task management unit to update the dependencies and see if there
are new tasks ready for execution. This introduces extra delays, since the check
is performed in between two executed tasks.

Itis in general not possible to update dependencies before a task has finished
its execution. However, while a task is being executed, it may be possible to find
what dependencies will be solved by the currently executed task. If there are
tasks that only depend on the currently executed task, then these tasks will be
ready for execution, once the currently executed task is finished. These ready
tasks can be prepared for execution by a task management unit, such that once
the core has finished the current execution it can immediately start the execution
of the next task. Updates of dependencies can then be executed by the task
management unit in parallel with the execution of the task. An added benefit
is that tasks dependent on each other are executed by the same core, which can

improve data locality.

The proposed architecture consists of look-ahead Task Management Units
(TMUgs), capable of executing task-dependency checks in parallel with the ex-
ecution of tasks. Each TMU offloads dependency checks/updates from a num-
ber of conventional cores and tries to schedule dependent tasks onto the same
core, thus preserving data locality. Distribution of tasks between TMUs is done
through a task queue. By executing the task-dependency checks on the TMUs
in parallel with the conventional cores, an execution-time speedup of 4.5% for
a multi-core architecture running a H.264 decoder for Super HD resolution is
achieved, compared to a multi-core architecture solely based on a task queue
for task distribution. This constitutes a 50% reduction of the overhead for man-
aging the tasks. Furthermore, offloading work from conventional cores to the
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TMUs, improves the energy efficiency of a multi-core architecture.

This paper is organized as follows. In section G.2 parallel applications with
inter-task dependencies are presented. Section G.3 describes the general prob-
lem of managing tasks for parallel applications with inter-task dependencies.
We then present the task management unit and the look-ahead functionality
used for accelerating task management in section G.4. The evaluation setup
and results are presented in section G.5 and G.6. The paper is concluded in
section G.9.

G.2 Parallel Applications with Task Dependencies

For this work, we target application workloads where the partitioning of an ap-
plication into tasks introduces dependencies between the tasks (e.g. H.264 par-
allel video decoding with macro-block level parallelism [2] and spatio-temporal
motion prediction 3DRS [3]). This kind of applications differs from other paral-
lel workloads, such as server workloads with multiple incoming requests, desk-
top workloads consisting of multiple programs, and scientific workloads, where
the tasks are commonly independent of each other and can be executed in ran-
dom order. For applications with inter-task dependencies, the execution order
is crucial for correct application behavior. The execution order can not always
be totally statically determined at compile time, because of variations in task
execution time. Hence, our approach manages task dependencies dynamically

at run time.

G.2.1 H.264 Video Decoder

The driving application for the proposed architecture is Super HD (3840x 2160
pixels) H.264 video decoding [4] and will be used throughout the article as a
representative application with task dependencies. The H.264 advanced video
compression standard dominates the embedded markets in both high-resolution
video (e.g. BluRay players) and low-bandwidth (e.g. Sony PSP) segments.
H.264 video decoding in Super HD requires a multi-core architecture, to reach
the performance necessary for decoding in real-tin (30 frames per second). With
the most powerful single core solutions currently on the market, it is possible
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to decode HD (720p) H.264 in real time [5]. However, Super HD requires
about nine times more performance, which with the current trend of more cores
instead of one faster core, makes a multi-core architecture for decoding Super

HD H.264 a necessity.
Entropy Picture Deblocking
decoding prediction filter
Reference frames

Figure G.1: The main components of a H.264 decoder.

Fig. G.1 shows the main components of a H.264 video decoder. Processing
of a frame starts with entropy decoding, consisting of either Context-Adaptive
Binary Arithmetic Coding (CABAC) or a Context-Adaptive Variable Length
Coding (CAVLC) and both are sequential by nature. The frame is then passed
on to the picture prediction stage where it is divided into macro-blocks of maxi-
mum 16 times 16 pixels. At this stage, also inter-picture prediction and motion-
vector estimation are calculated for each macro-block. The frame is then filtered
through a deblocking filter to reduce artifacts at block boundaries introduced by
the picture-prediction stage. The resulting frame has then been decoded and
can be transferred to the display. The decoded frame is also buffered for inter-

picture prediction.

X-1 X X+1

Y-1 \ ,

Y —»

Figure G.2: Dependencies between macro-blocks in the H.264 video compression stan-
dard.
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The picture prediction and deblocking filter is suitable for parallelization,
where the execution of a macro-block can be treated as a task. However, a
macro-block cannot be executed before certain neighboring macro-blocks have
been executed [2]. A generalized illustration of the macro-block dependencies
is shown in Fig. G.2. From the figure, it can be seen that before the macro-block
marked in gray can be executed, the macro-block to the left and the three at the
top have to be executed.

A task dependency graph can be constructed from the macro-block depen-
dencies, as shown in Fig. G.3. The graph starts with the macro-block in the
upper left corner, since all its dependencies are solved. When the first task (0/0)
has been executed, the second task (1/0) can start. Each of the new tasks can
potentially start the execution of one or two other tasks, for example, after task
(1/0) both (2/0) and (0/1) can start.

Figure G.3: A task dependency graph for a H.264 decoder, with 25 (5x5) macro-blocks

in a frame.
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Task dependencies can be tracked by storing the number of tasks that each
task depends on. For H.264 this value is zero, one, or two. For each finished
task, the array with dependencies is updated, decrementing the values of the
tasks that depend on the finished task. A task can execute once its value in the
array becomes zero [6]. The update of the dependencies for the H.264 decoder
can be described by the pseudo code shown in Fig. G.4. Here X and Y are the
indices of the macro-block that just finished its execution. The first if statement
checks that the dependent macro-block is within the frame. If the macro-block
is within the frame, its value of number of dependencies is decremented with
one. If the value becomes zero the macro-block has no more dependencies and
is ready to be executed. Note that the decrement operations must be executed
atomically.

if X<FrameWidth-1 then

decrement (dependencies[X+1] [Y])

if dependencies[X+1][Y] = 0 then
ready_to_execute (macro_block[X+1][Y])
end if
end if

if X>0 and Y<FrameHeight-1 then
decrement (dependencies [X-1][Y+1])
if dependencies[X-1][Y+1] = 0 then
ready_to_execute (macro_block[X-1][Y+1])
end if

end if

Figure G.4: Pseudo code for inter-macroblock dependency checks.

G.3 Task Management

In an architecture based on task queues for task scheduling, the execution of a
task is followed by a piece of code (Fig. G.5) that updates dependencies and
checks for tasks ready to be executed. Fig. G.5 illustrates the execution of
twelve different tasks that are followed by the task dependency execution. Each

task is, for simplicity of the drawing, assumed to be identical in execution time,
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which is not the case in practice. The code for the task dependency check is
often simple, but still it can be a significant part of the total execution time. For
a Super HD H.264 decoder, the dependency check has been found to increase
a tasks’ execution time with 9%, on average. Or in other words, the compute
power of a complete core is required for managing tasks for every 11 cores in
the architecture.

Core1 | [T [ 1 ]
Core2 | [T [T ]
Core3 | [T [T ]
Cored | 1 [T ]

[ ] Task Execution time  [_] Task Dependency Check
Figure G.5: [llustration of the execution for a conventional architecture.

To increase the execution speed of an application with task dependencies
and increase silicon efficiency, the dependency checks could be accelerated by a
Task Management Unit (TMU) that keeps track of task dependencies and deter-
mines when tasks are ready to be executed. A straight-forward implementation
of such a Task Management unit (TMU) is simply to offload the computation
of the task dependencies from the core executing the task. Once a task is done,
it signals to the TMU that the task is finished and the TMU then starts to look
for a new task to be executed by the core. The TMU can be designed to execute
task dependency code more efficiently than a conventional core and therefore
will execute the code faster. However, if the computation of dependencies is
started right after the core finishes its current execution, it will have to wait un-
til the TMU finishes updating dependencies and finds a new task to be executed.
Even worse, there will be communication overheads in terms of the core signal-
ing the TMU and TMU instructing the core which task to execute. Therefore,
even if the TMU executes the dependency check code more efficiently than a
conventional core, the added communication overhead could even degrade the
overall performance. Furthermore, if several cores finish at the same time, they
will have to wait for each others’ dependency code to be executed or the TMU
would have to be multi-threaded. Fig. G.6 illustrates the execution of twelve
tasks executed on an architecture with a naive TMU implementation.
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T™U [TTT] [TTT] [TTT]
Core 1 | | |

| | |

| l | |

| l | |

[ ] Task Execution time  [_] Task Dependency Check

Core 2

Core 3

l
l
l
l

Core 4

Figure G.6: Illustration of the execution for a naive implementation of a task manage-

ment unit (TMU).

For an efficient solution, it is necessary to execute as much as possible of the
task dependency code in parallel with the execution of tasks. In the case where
there are more tasks than cores, it is possible to fetch tasks from a task queue
and have a core to execute it as soon as the core is done with its current task. The
TMU will have to keep track of which task finishes and, when it gets spare time,
execute the task dependency code for each task and populate the task queue with
new tasks. This implementation choice has two major drawbacks: i) If there are
fewer tasks than cores, the TMU will still have to execute the task dependency
code before it can find new tasks for a core to execute, thus introducing delays
similar to the straight-forward solution. ii) By always storing the task in the
task queue, data locality might be lost, since tasks depending on each other are
more likely to be executed on different cores. This would cause extra pressure

on the memory subsystem and have a negative impact on execution time.

It is possible to find all tasks that depend on the currently executed task
during its execution. All tasks found are then candidates for execution by the
core. Of all the found candidate tasks, there can be tasks that only depend on
the task that is currently executed by the core. One of these tasks can imme-
diately be executed by the core, once the core is finished with its current task.
For example, in Fig. G.3 while processing (1/0) the TMU can find out that two
tasks, (2/0) and (0/1), can start immediately after (1/0) has been executed. Up-
dating dependencies of the tasks not chosen for execution can then be done in
parallel by the TMU. This allows a minimum amount of time between the ex-

ecution of tasks (henceforth called turn-around time) and dependent tasks are
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executed on the same core, thus improving data locality. For the case where the
TMU is not able to find a task ready for execution, it still can improve the turn-
around time between tasks. By identifying all dependent tasks and have them
readily available, the update of dependencies can be made as fast as possible.
Fig. G.7 shows an example where twelve tasks are being executed on four dif-
ferent cores, with their look-ahead code being executed in parallel on a TMU.
For the first executed task on the first core and the second executed task on the
second core, a task is found with its dependencies fulfilled and can be started
immediately, once the core has finished the current execution. For the other
tasks, the dependencies need to be updated before a task is found for execution.

MU [TTT] B [(TT7T] Bl (TTT] 1o

Core 1 [ [ ] [ |

Core2 | [ [ ]

Core3 | ] J [ l

Core4 | | /| |

[ ] Task Execution time  [_] Look-Ahead Execution Time [JJ] Dependency Update

Figure G.7: Illustration of an execution of tasks, where the task management unit (TMU)
in parallel with the tasks executed on the cores, looks ahead to find tasks with solved

dependencies.

G.4 Task Management Unit

The purpose of the Task Management Unit (TMU) is to offload the management
of tasks from conventional cores in a multi-core system. The TMU is therefore
closely connected to a number of cores that signals to the TMU each time they
have finished a task. While tasks are being executed on the cores, the TMU tries
to find tasks that are ready to be executed and have them prepared, so that a core
can directly start executing a new task when it finishes its current execution.
For each task being executed, the TMU executes a small function that looks
ahead in time, in order to try to find tasks that will be ready for execution.
The more cores there are in a system the more look-ahead functions need to be
executed at a single point of time. In order to be scalable to more than a few
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cores, several TMUs are instantiated, with each TMU connected to a limited
number of cores. The ratio between TMUs and cores depend on the ratio of
task load versus control load. The TMU offloads the control load from several
cores and execute them sequentially. A TMU should therefore be faster than
the combined control-load for the cores. With one TMU offloading four cores
the ratio between the task load and control load can be as high as four to one
(25% of the application load). Task queues are then used to distribute tasks
between the TMUs. The task queues stores ready tasks that are currently not
being executed by a core. Fig. G.8 shows an architecture with four TMUs, with
each TMU connected to four cores. In this case the TMUs share one task queue.
However, more advanced queuing systems can be used to improve performance.

Core Core Core Core
TMU TMU
[
Core Core Core Core
»/ Task \«
(]
Core Core Core Core
Y
TMU TMU
Core Core Core Core

Figure G.8: Architecture with 16 cores and 4 task management units (TMU), which

share one task queue.
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The TMU should be programmable to allow for complex task dependencies,
be capable of executing simple arithmetic operations, and have fast branching.
Furthermore, a programmable TMU can support irregular task dependencies,
even not known statically at compile time. For greater flexibility, each TMU
also has an associated hardware mailbox that can be used for message pass-
ing. This allows, for example, a programmer to send messages from within the
execution of a task to a TMU.

G.4.1 Look-Ahead Task Management

To keep track of tasks and speed up the turn-around time between executed
tasks, each core has a dedicated hardware list. The hardware list holds nec-
essary information about each candidate task. A candidate task is a task that
could become ready for execution, once the core has finished with its current
task. Fig. G.9 shows the list for storing candidate tasks and the information
stored for each task.

Task Pointer: The task pointer holds the instruction address of the first instruc-
tion of the task.

Argument(s) Pointer: Holds the address to where arguments for the task are
stored.

Look-Ahead Pointer: The look-ahead pointer tells the TMU what look-ahead
function to execute while the task is executed by the core.

Dependency Pointer: The dependency pointer holds the address to the memory
location that stores the number of dependencies that still have to be solved be-
fore the task can be executed.

Flags: A set of flags are used for synchronization of the core and TMU and to
tell which state the task is in.

The main purpose of the candidate list is to speed up the turn-around time
between tasks being executed by a core. This is achieved by allowing direct
access to the list from the core. The list is controlled by a simple state machine
that inspects the state of the flags of each task in the list. If there is a task ready
for execution, then the core reads the task and argument pointer from the candi-
date list and starts to execute the new task. Then, in parallel with the execution
of the task, the TMU will decrement the value given by the dependency pointers
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Look-Ahead  Dependency Task Argument(s)

Flags Pointer Pointer Pointer Pointer

Figure G.9: The candidate list that stores candidate tasks for a core.

for the tasks not being executed. In case there is no ready task the core will have
to wait until the TMU has updated the dependencies to see if a task becomes
ready for execution.

The TMU is governed by a simple state machine that checks the state of
the task queue, the flags of the candidate list for each core, and for incoming
messages. If there is an idle core and a task is in the task queue, a task will be
fetched from the queue and the candidate list will be updated. This instructs
the core that a task is ready for execution. A small routine is called if a core
has finished its execution of a task. The routine first checks for tasks that are
ready for execution, but are not executed by the core. These task(s) are stored in
the task queue for execution at a later time. Then dependency values for tasks
not ready to be executed are decremented. Therefore, only the dependencies of
candidate tasks not found ready for execution need to be updated. This reduces
the total number of atomic accesses and the pressure on the memory subsystem.
Finally, the look-ahead and argument pointer are read for the task currently
being executed and the look-ahead function is executed by the TMU, which
updates the candidate list with new tasks. Each TMU has also a mailbox for
message passing to improve programmability. The state machine checks for

incoming messages and will execute a routine for each new message.

The candidate list is a hardware structure with a fixed number of entries.
This limits the number of dependent tasks (children) that a particular task (par-
ent) can have. For the H.264 decoder there are no tasks with more than two
children, but this might not be the case for other applications. To allow tasks
with unlimited number of children, it is possible to add tasks with the only
purpose of updating other task’s dependencies. This will introduce overheads,
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so the candidate list should have enough entries for the most common number
of children of the applications to be run on the system. However, Stavrou et
al. [7] performed code analysis that showed that the majority of data-driven
multithreading tasks have at most two dependencies, so a candidate list with

four entries should be sufficient in most cases.

G.5 Evaluation Setup

The evaluation of the architecture has been conducted through emulating the
architecture in the TTISim simulator [8]. TTISim is a multi-core simulator for
the TriMedia VLIW processor family [9]. Each core and Task Management
Unit (TMU) is modeled by a TriMedia 3270 processor [10], with the behavior
of the TMU implemented in software. The software implementation of the
TMU is of course not as efficient as a hardware implementation would be. To
emulate the performance of a hardware implemented TMU a stalling technique
has been used to remove software overheads.

The stalling technique works as follows. For each functionality imple-
mented in software, an estimate has been made of how many cycles it would
take to execute the same functionality in hardware. The software implementa-
tion is then allowed to run for as many cycles as estimated before all other cores
in the system are being stalled. This allows the execution of the remaining part
of the software implementation to be executed without influencing the behavior
of the rest of the parallel system. The execution time for an application can then
be calculated by counting the number of cycles that are being stalled and de-
ducting them from the total execution time. An example of when the TriMedia
processors are stalled is when a TMU is updating one of its candidate lists with
new tasks. The candidate lists will be implemented in hardware, but for the
simulation, they are software structures stored in shared memory. To emulate
fast access to the candidate lists parts of the update is therefore stalled.

The TMU is assumed to execute the look-ahead functions at least as fast
as the TriMedia processor. This is a reasonable assumption, since the inherent
nature of scheduling/control code is that it lacks instruction level parallelism

and contains many branches. A specialized datapath with simple arithmetic
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operations and fast branching should have similar performance or be even faster
than the TriMedia processor for this type of code. Furthermore, a specialized
datapath should dissipate less power and have a smaller area footprint.

G.5.1 TriMedia H.264 Video Decoder

A H.264 video decoder [11] that decodes a Super HD (3840x2160 pixels per
frame) video stream, was selected as application workload. The original H.264
decoder was manually optimized for a single TriMedia TM3270 processor.
The optimizations included adding SIMD operations, restrict pointers, loop un-
rolling, code restructuring, etc.

G.5.2 H.264 on the Reference Architecture

The H.264 decoder has been manually parallelized to be executed on an archi-
tecture based on a shared software task queue [6]. The parallelization of the
H.264 decoder consisted of identifying the nested loops and functions for com-
puting the picture prediction and deblocking filter of a frame. The functions for
computing a single macro-block were augmented with code for checking what
macro-blocks are ready to be executed. The augmented code is similar to the
code described in Fig. G.4. If only one macro-block is found to be ready, the
indices X and Y are updated and a simple jump back to the beginning of the
function is made. In the case where two macro-blocks are found to be active,
one of them gets stored in the task queue before updating the indices and jump-
ing back to the beginning of the function. In the case where no macro-block is
found to be ready, the function is exited and a new task is fetched from the task
queue. The jump to the beginning of the function means that dependent tasks
are executed on the same core. This preserves data locality between macro-
blocks and removes task creation overhead. Before the first task of each frame
is called, an array storing the number of dependencies each macro-block has is
initialized. To accurately capture the state of the dependencies, all subsequent
updates of the dependency array have to be made atomically.

The reason why an architecture based on a software implementation of a
shared task queue has been chosen is because only 0.8-1.7% of the tasks where
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found to be stored in the task queue when decoding a Super HD H.264 stream,
on systems with four to 16 cores. For 98.5-99.3% of the tasks executed, a
new macro-block was found ready to be executed with a simple jump to the
beginning of the function as a result. The architecture is simulated using the
same simulator and 3270 TriMedia processors, which allows for accurate per-
formance comparisons with the proposed TMU architecture. For a different
application workload, with more accesses to the task queue, both the archi-
tecture based on the task queue and the TMU would benefit from a hardware

implementation of the queue(s).

The execution time of each task was measured to improve the understand-
ing of the behavior of the H.264 decoder. The distribution of tasks is shown
in Fig. G.10. The picture prediction stage of the H.264 decoder has been im-
plemented as two separate functions, PicturePrediction and VectorPrediction.
Further, frames can be of P or B type and the distribution for each frame type is
shown.

500000
—* Vector Prediction P

= = Vector Prediction B

— Deblock Filter

---- Picture Prediction B
— Picture Prediction IP

450000

400000

350000

300000

250000

200000

Number of Tasks

150000

100000

50000

0

Ll ; : Pialaigld L
500 2000 2500 3000 3500 4000 4500
Executed Cycles per Task

Figure G.10: Tusk execution cycle time for different computations in the H.264 decoder.
Tasks larger than 4500 is not shown because they are so few that they would not be

visible in the graph.

Table G.1 shows a summary of the task distribution and the percentage of
the total number of executed cycles that is contributed by each function. The

average length of a task was found to be 1270 cycles.
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Table G.1: Task execution cycle time range and percentage of total execution cycle time
for Super HD H.264 decoding.

Cycle Times | % of Total Executed Cycles
Vector Prediction 20-1153 6.65%
Picture Prediction 208-5326 57.31%
Deblock Filter 978-2017 36.04%

The execution time of the scheduling for the task queue implementation
was also measured and was found to be on average 114 cycles. This means
that, on average, the overhead for scheduling the next task to be executed is 9%.
For tasks with the distribution of the VectorPrediction of frame type P, where
many of the tasks are as short as 20 cycles, the average scheduling overhead is
109%. A cycle execution time of 20 cycles is far less than what is commonly
considered as the smallest task length for scheduling. Kumar ez al. [1] considers
tasks with at least a few hundred cycles as the smallest task for their carbon
architecture.

G.5.3 H.264 on the TMU Architecture

For the TMU architecture, the parallelized H.264 video decoder was manually
modified. The modifications are done such that the code, which checks for
ready macro-blocks is removed from the tasks and is executed by the TMU
instead. The code executed by the TMU only inspects the value stored in the
dependency array and if the value is found to be one, then the task is marked as
ready in the candidate list.

A single look-ahead function was used to parallelize the H.264 decoder,
since all dependencies between macro-blocks can be described by the code
given in Fig. G.4. However, before the execution of vector prediction, picture
prediction, and deblocking filter, initialization functions are needed for setting
up the dependency array. The TMU specific code of the H.264 decoder consists
of less than 300 lines of C++.
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The TMU and task queue architectures where simulated with 4, 8, and 16
cores. For the TMU based architecture, a configuration with four cores per
TMU was chosen. This configuration is not based on an empirical evaluation
and will require further investigation. However, a configuration with four cores
per TMU allows for a regular floorplan, similar to the illustration shown in
Fig. G.8. All simulations are for a perfect memory subsystem. However, the
execution order of macro-blocks is similar for both architectures and we should

see the same performance degradation for a more realistic memory subsystem.

G.6 Results

The result from the simulations is shown in Fig. G.11. The speedup is given for
the parallelized sections of the H.264 decoder. The CABAC encoding for the
Super HD video stream is inherently sequential and is assumed to be executed
by dedicated hardware. Therefore, its contribution to the total execution time
is not considered in the presented speedups. As a reference, the ideal linear
speedup is shown in the graph.

As shown by Fig. G.11, the Task Management Unit (TMU) architecture
outperforms the task-queue architecture. The simulations showed that for 82%
of the tasks executed, a task was already waiting to be executed when the current
task finished its execution. This is translated into a performance improvement of
4.5% for the eight core configurations and a lowest performance improvement
of 3.4% for the 16 core configurations. This constitutes a 40-50% reduction of
the task management overhead seen for the task queue simulations.

When the number of cores increases, there are fewer tasks to execute per
core and hence, in some cases, there will be idle cores. This explains why there
is a drop in the speedup as the number of cores increase.

Our simulations show that the execution of VectorPrediction tasks is on av-
erage 5% slower when executed on the TMU than if solely computed by the
conventional cores. This suggests that the TMU becomes a bottleneck when
tasks are extremely small. The TMU sequentializes the control and when the
control load offloaded from each processor, is higher than 25% of the cores ap-
plication load, the TMU becomes overloaded. The overloaded TMU introduces
delays, since the cores have to wait for the TMU to execute the look-ahead func-
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Figure G.11: The graph shows the speedup as a relation to the number of cores, for
executing a Super HD H.264 decoder on two different architectures based on task man-

agement unit(s) or a task queue.

tions. To avoid this, a different configuration with fewer cores per TMU can be
used or tasks could be combined to form slightly larger tasks, thus reducing
the number of look-ahead functions executed by the TMU. As mentioned in the
previous section, VectorPrediction has many small tasks (20 cycles) and tasks
of such small size are commonly not considered for task management.

The deblocking filter stage of the H.264 decoder also has a small section
that can be parallelized without introducing dependencies between the tasks.
For this kind of tasks the TMU does not bring an added value, since there is
no need to execute any look-ahead functions. The simulations have shown that
the TMU architecture executes these as fast as the task pool architecture. These
tasks are not shown in Fig. G.10, but is included when calculating the speedups
for Fig. G.11.
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G.7 Related Work

Carbon [1] by Kumar et al. accelerates creation and distribution of tasks by
the introduction of hardware task queues. However, updates and checks of task
dependencies are executed by the cores themselves. The Task Management
Unit (TMU) offloads the update and check code from the cores, which allows
for a more efficient execution. Carbon could be used in conjunction with the
TMU to speed up distribution of tasks between different TMUs.

Stavrou et al. describes a thread synchronization unit for data-driven mul-
tithreading [7] that resembles the presented TMU. Their method is efficient as
long as there are more tasks ready for execution than the number of cores. How-
ever, the look-ahead technique presented in this paper allows new tasks to be
found even in the case where all currently ready tasks are being executed. The
look-ahead functionality also allows prefetching to be started earlier for tasks
found ready for execution by the TMU.

The synchronization and scheduling unit proposed by Bayer et al. [12, 13]
is based on a centralized unit and an associated network for task distribution.
Centralization of the unit will incur delays as the network scales with more
cores. The scheme relies on duplicable tasks that can be packaged into a single
package, which is then split into individual tasks and distributed by the network.
The TMUs on the other hand, are tightly coupled to each of their cores, thus
reducing communication overhead and instead centralize the storage of the task
dependency values. The update and check of dependencies are not speed critical
for the case when the TMU finds a task to be executed, since the update and
check is decoupled from the execution of the task by the look-ahead technique.
Furthermore, the TMU does not rely on duplicable tasks, which are not always
present in an application (e.g. the H.264 decoder).

G.8 Future Work

Future work includes detailing the instruction set architecture and micro archi-
tecture of the Task Management Unit (TMU) and to evaluate power and area
benefits of offloading control load from conventional cores to the TMUs. Fur-
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ther evaluation is also needed to find the right configuration of the number of
cores per TMU for various workloads. An interesting extension to the TMU
would be the possibility to perform data prefetching for tasks found ready for
execution by the TMU.

G.9 Conclusions

The Task Management Unit (TMU) outperforms the task pool based multi-
core architectures due to its look-ahead capability. 82% of the executed tasks
benefited from the look-ahead functionality, thereby reducing the time to com-
pute dependencies for next tasks. Overall, the TMU-based multi-core reaches a
speedup of more than 14x on 16 cores running Super HD H.264 video decoding.
The overall performance is improved by 4.5% for the eight core configuration.
This equals to a 50% reduction of the task management overhead of 9% seen
for the task queue simulations. Further, the TMU-based multi-core architecture

can execute non-dependent tasks as fast as the task queue architecture.
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