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Abstract a hardware/software co-design problem. An overview of design
issues for application specific processors is given in [4].
We describe an approach for application-specific processor design  Hardware/software co-design of application-specific processors
based on an extendible microprocessor core. Core-based desigidentifies functions which should be implemented in hardware and
allows to derive application-specific instruction processors from a which in software to achieve the requirements of the application,
common base architecture with low non-recurring engineering cost. such as code size, cycle count, power consumption and operating
The results of this application-specific customization of a com- frequency. Functions implemented in hardware are incorporated in
mon base architecture are families of related and largely compati- an application specific processor either as new instructions and pro-
ble processor families. These families can shagpsrt tools and cessor capabilities, or in the form of special function units. These
even binary compatible code which has been written for the com- special function units may then either be integrated on the chip or
mon base architecture. Critical code portions are customized usingimplemented as peripheral devices.
the application-specific instruction set extensions. In the past, such support tools have been available mostly for
We describe a hardware/software co-design methodology whichthe evaluation of software aspects, based either on trace collection
can be used with this design approach. The presented approaclkand evaluation of the design or a cycle-accurate timer model of the
uses the processor core to allow early evaluation of ASIP design architecture. This availability of software tools has led to a situation
options using rapid prototyping techniques. were studies focus intensely on software issues which are easily ac-
We demonstrate this approach with two case studies, based orcessible with the methodologies and tools at hand, while neglecting
the implementation and evaluation of application-specific proces- the hardware aspects such as design size, power consumption and
sor extensions for Prolog program execution, and memory prefetch-achievable processor frequency.
ing for vector and matrix operations. We have tried to investigate possibilities for achieving equally
good evaluation capdlies of hardware aspects of instruction set
design. In the course of this, we have turned to reconfigurable pro-
cessor cores described in a hardware description language and syn-

New application areas for microprocessor-based systems have dithesis to evaluate the impact a design decision may have on hard-
verse and often conflicting requirements on the microprocessors atare complexity. _ _ _

the core of these systems. These requirements can be low power In this work, we show how proposed instruction set extensions
consumption, performance in a given application domain, guaran- ¢an be evaluated for both its impact on program performance and
teed response time, code size and overall system cost. on hardware efficiency. We describardware/software co-evalua-

To meet these criteria, processor characteristics can be custion, as presented in [6], and how this methodology can be applied
tomized to match the application profile. Customization of a pro- 0 explore the design space and generate optimized implementa-
cessor for a specific application holds the system cost down, which tions for specific application requirements.
is particularly important for embedded consumer products manu-  We have developed a processor core based on the MIPS RISC
factured in high volume. archltecture [15] Whlch serves as base for hardware/software co-

The trade-offs involved in designing application-specific pro- design space exploration [7]. We have synthesized the VHDL de-
cessors differ considerably from the design of general purpose pro_SCI’IptIOI’I of the processor core for several target technologies, such
cessors, because they are not optimized for “application mix” (such @ MHS0.6, and AMSO0.6u ASIC and the Xilinx XGI000XL
as represented in the SPEC benchmark suite) but target a specifi€PGA family [7, 10]. In this work, we have used tihéu LSI 10k
problem class. The primary aim then is to satisfy the design goals ASIC process as target technology toilizate comparison to the
for that problem class, with performance on general purpose code®figinal MIPS-limplementations. _
being less important. _We have_l_JSt_ed the MIPS processor core to explore several appli-

In designing application specific processors, different design cation-specific instruction set extensions to implement a memory
solutions and trade-offs between hardware and software compo-Prefetching mechanism and other performance enhancing exten-
nents constituting a system have to be explored. As a consequenceSions, including tag support for dynamically typed languages such

application-specific processor design is most naturally defined as@S Prolog [6], vector processing [9], and fuzzy processing [20].
This paper is structured as follows: We present related work

* This work was performedwhile the author was with Technische Uniaiaitsn, in section 2. Section 3 introduces the hardware/software co-design
Vienna, Austria. methodology used for design evaluation. Section 4 shows how to
extend the processor core to include new operations. Sections 5
and 6 give a description of the instruction set evaluation performed
for Prolog and prefetching architectures, respectively. We draw our
conclusions in section 7.

1 Introduction




2 Related Work and software takes place via the processor state, which can be mod-
ified by both the hardware and software part. Consequently, the
A number of reconfigurable processor cores have been made availmajor problem in hardware/software co-evaluation is partitioning
able commercially recently. These include a MIPS-I processor core to reduce a given cost metric and closely related to instruction set
by Lexra which is similar in many ways to the core used in this generation.
work [24]. Lexra allows its licensees to add execution units and/or In application specific processors, the hardware component of a
instructions to the base CPU by tapping directly into the CPU core. co-design solution is integrated on the chip and directly controlled
Lexra’s synthesizable model breaks out all the signals — includ- by the instruction stream. Because of this tight coupling, the at-
ing a 12-bit opcode-field, two 32-bit operand buses, a 32-bit result tached hardware can access all processor resources such as register
bus, and synchronization signals — needed to attach extra executiorfiles and other processor state, which virtually eliminates the cost
units. Any unused MIPS opcodes may be used to enable the extraof synchronization and data transfer. The interface and synchro-
instructions. nization between hardware components is more or less statically

Another commercial offering for reconfigurable processor cores defined by the instruction stream.
is the ARC processor core [1, 23]. Unlike Lexra’s MIPS core, the In the design of such processors, interface synthesis between
ARC core is not compatible with any existing architecture. The the hardware and software components takes the form of instruc-
processor core is supported by a “configuration wizard” which al- tion set definition. This tight coupling of hardware and software
lows to parameterize various aspects of the processor core and sein problem-optimized instruction set architectures has been taken
lect from predefined instruction set extensions. Another extendible advantage of in a number of design solutions, specifically in areas
core specifically designed for DSP applications is reported in [18]. such as signal and multimedia processing.

An alternate approach to processor configurability is taken by An important design pointin partitioning functionality into hard-
Siemens’ Carmel architecture which is aimed at the DSP market ware and software components is the interface between these sys-
[22]. While the processor architecture is fixed, users can define tem parts. In application specific processors, where the application-
complex instruction words which execute up to 6 operations in par- specific hardware components are tightly coupled to the processor,
allel. This approach is quite similar to variable length VLIW in- this interface is usually in the form of special-purpose instructions
struction formats. embedded in the instruction stream. This allows for natural syn-

Instruction set definition has previously been addressed in a chronization, tight coupling and fast communication between soft-
number of publications, but the authors have treated instruction setware and hardware components.
design and instruction set selection mostly as a scheduling problem  Tight coupling implies that extensions must run at processor
of operations [12, 13]. speed, and when introducing new instructions, the impact on hard-

An alternative approach treats instruction set selection either asware complexity and clock frequency has to be considered. In en-
a module selection or operation coupling problem [21, 25]. This vironments were power consumption is constrained, higher proces-
approach is driven by compiler statistics generated during the codesor frequency is rarely desirable: a lower processor frequency with
generation phase and cannot take into account accurate hardwaréewer cycles and a smaller code footprint may provide competitive
cost estimates. This approach is closely related to reconfigurableperformance with lower power consumption.
compiler and simulator generation based on instruction set descrip-  We base our hardware/software co-design methodology on the
tions. usage of a processor core as a starting point in design process. The

Both the pipeline scheduling and module selection approachescore is extended with new functionality to tune the processor to a
cannot generate new logic resources. An approach which can ac-specific application. Developing a full custom processor for each
tually generate new logic capabilities for a processor has been pre-application may result in a more efficient design, but full invest-
sented in [2] for an adaptive machine architecture. Here, the com-ment, higher developing costs, longer time to market and higher
piler extracts functionality from a high-leveldguages description  risk make designing from scratch a dedicated processor for a spe-
and implements it in field-programmable gate arrays (FPGASs) at- cific application prohibitive.
tached to a processor. However, this approach suffers from high  Starting from an existing “thin” RISC processor core reduces
communication overhead between the processor and the attachedverall engineering costs. In this approach, the extendible proces-
FPGAs and also the idioms recognized by the system seem rathesor core defines the processor framework and design efforts can be
limited. focused on defining its application-specific enhancements. Several
variations of an extended processormay be evaluated before the op-
timal design is selected. In our approach, we use these prototypes
to evaluate hardware, and develop software to evaluate the current

In the past, hardware/software co-design has been applied mostly todesign. This allows exploration of the design space to define the
the partitioning of embedded systems [26, 3, 5]. In these systems,f'“al architecture without incurring unreasorjable cost. _

the software part executes on a processor with a fixed instruction. | he core-based co-design process consists of the following steps:
set and the hardware part is implemented as coprocessors. Hardinstruction deflnl_tlon, cycle-level simulation, processor core exten-
ware/software co-design process involves a partitioning step into aSion and evaluation.

software component executing on a microprocessor and a hardware

component. Typically, the hardware component consists of one or4  Extending The Processor Core

more ASIC or FPGA support chips.

These hardware components are more or less tightly coupled toTo allow for new functionality present in extended instructions, the
the microprocessor, involving different synchronization costs. In available resources can be parameterized. This includes adding
such environments, the selection of an appropriate communicationnew function blocks, extending existing function blocks (such as
and synchronization method between the software partition and theadding additional functionality to the ALU) and iotlucing new
coprocessors is an important factor which also influences possibleinterfaces between blocks.
partitioning [11, 14]. The additions required to implement most instruction set exten-

In our work, the hardware partition is not in a coprocessor, but sions are localized to the IF and EXE pipeline stages. Consider the
the modified microprocessor. Thus, communication and synchro- example of implementing the difference or zelaz instruction.
nization are solved implicity. Communication between hardware

3 Instruction Set Design as a Co-Design Problem
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Figure 2: Area usage and critical path for instructions implemented
in the ALU.

to support the _high_—per_formance VIP Prolog system designed at
Figure 1: Design flow in the hardware/software co-design approach Technische Universit'Wien [17].
in designing application-specific processors.

. . L 5.1 Architectural support for Prolog execution
An operation code has to be assigned todbez operation in PP &

the instruction set architecture, the instruction decode stage must beBased on the performance characterization of the VIP Prolog sys-
modified to recognize this instruction, and decode it appropriately tem, critical operations were identified to efficiently support the
for the ALU. These are trivial changes to the processor, which pre- Prolog interpreter, the runtime system, and code generated by the
decodes all common signals for known instruction formats. Prolog compiler [16]. The functionality identified as critical for ef-

In the execution stage, the difference or zero function is then ficient execution of Prolog, and other dynamically typed languages,
implemented as part of the ALU. This is performed by extending a was appropriate tag support to iiitate efficient decoding and dis-
case statement for the operation code with a clause implementingpatching of different functions based on the data type.
this particular operation. All input signals to the ALU are generated In addition, since Prolog is an interpreted language based on a
by the surrounding logic, so the ALU only needs to implement the byte code intermediate representation, support for fetching, decod-
actual computation: ing and dispatching the byte codes of the Prolog Virtual Machine
was identified as important.

h = . .
when doz_op => Finally, support for automatic stack and memory management,

if signed(fw_data_rsl) < signed(fw_data_rs2) then

— result is 0 and for the implementation of efficient garbage collection, should
data_rt <= conv_std_logic_vector(0, 32); be considered [16].
else Tag handlingis critical because in dynamically typed languages,
- result is difference the actual operation to be performed is only identified at program
data_rt <= signed(fw_data_rs1) - run time based on the data types presented to it. The meaning of
_ signed(fw_data_rs2); operations is “overloaded” and only resolved at run time based on
end if; the operand types.

Similar extension capabilities are available for other aspects ~ To reduce the path length of this decoding, different forms of
of the processor design, such as the branch architecture. This almnultiway branching can provide the appropriatecamt of branch
lows implementation of special purpose branching structures suchbandwidth to dispatch operations in a single cycle. Thus, we con-
as counter loops or nitisxway branches. Consider the following ~ sidered different implementations of multiway branching, such as
three-way branch which branches to different addresses depending-way branch (b3w), 4-way branch (b4w), and computed (jmptag)
on the sgn() function of the argument register: and table-based n-way branches. To remain flexible, position and
size of the tags used by these instructions should be a parameter of

when bnp => the operation.

|f ;grge;ivvgai t,)lr?ntﬁg’n fal_l_ t?égugh O'f reg == 0 We also experimented with additional addressing modes for
branch_address <= address(pipe_out.addr_brl); bran(_:hlng (like c_ondltlonal register mdlrect branchlng_) and with
take branch <= '1’; conditional function calls, both of which are useful for interpreter
elsif zero = '0’ then -- reg > 0 implementation.
branch_address <= address(pipe_reg.addr_br2); Memory management (i.e., Prolog stack management and gar-
take_branch <= "1} bage collection) is supported by the operations min, max, and find
end if; first bit.

In addition, the use of communicating state machines for syn-
chronizing pipeline control make even complex control flow in the 5.2 Evaluation
pipeline easy to implement. Such more complex control adaptation

was used for implementing scoreboarding as used in prefetching. Table-based n-way branch proved to be very complex because the

data flow did not map well on the processor pipeline. Ensuring con-
sistent pipeline synchronization (two branch delay slots are neces-
5 Case Study: Prolog Support sary to cover the costs of table lookup and instruction fetch) would
have increased control complexity unreasonably. To simplify im-

We have evaluated instruction set extensions targeted at improv-plementation and increase achievable frequency, we implemented a
ing Prolog program performance [6], which have been developed
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1000 — _ _
0 0 Using the presented approach, we also tried to evaluate a scheme
base  b3w  b3w  b4w  b4w  bawite bdwiite for prefetching vector data with regular data layout. The scheme

L B b EE D EXE is based upon stride-directed prefetching, where the stride is the

. o . . ) distance between successive accesses. This is especially good for
Figure 4: This figure shows the effect of different microarchitecture ygctor and matrix manipulation, or for multimedia data which have

decisions on t_he critic_:al path and resource usage. Precomp_u_tingboOr or no loctity, or a working set which is too large to fit in the
results in the instruction decode stage reduces the overall critical c5che.

path for the branches. Stride-directed stream prefetching is particularly useful for em-

. ) ) bedded applications where L2 caches are too expensive or which
‘load tag table’ instruction (Itt) which performs the tabd®kup for perform multimedia processing with a high number of compulsory
an n-way branch based on a tag. The branch can then be performeghisses due to large working sets. In fact, streaming data is often
with a normal register-indirect branch instruction. accessed only once in these applications (or far enough apart such

_This design achieves the same functionality while fitting on the {hat 5 previously loaded value would already have been displaced
existing pipeline flow. In addition, the tag table lookup instruction - from the cache from further accesses.)

primitive (Itt) can also be used in other contexts were tags are used
to index data. While this design decision leads to some degrada-
tion in achievable CPI, it results in better overall performance due

to higher clock speed. We also investigated a four-way branch with Figure 5 gives an overview of the system architecture with stream
fixed tag position (b4wlite) to reduce delay associated with extract- prefetching. The processor core is extended by two additional reg-
ing the tag of the source register. Arbitrary tag positions can be ister files, the stride register file and the prefetch buffer. The stride
supported by shifting the tag appropriately. register file holds the distance between two successive accesses,
The results for instruction set evaluation are classified by mod- and the prefetch buffer is the destination for prefetch requests.
ified processor components, i.e., ALU or branch unit. Although Itt Operations can directly access the prefetch buffer as one of
is a memory operation, the only modifications required were to the the source operands. When the prefetch buffer is accessed, the
ALU for address computation of the memory access. The memory next asynchronous prefetch accest&ted. Prefetch addresses are
access is a regular 32 bit read operation from an effective address. computed by a dedicated address generation unit. The prefetch unit
Figure 2 gives the gate count andtical path delay for exten-  and the CPU are synchronized through the use of scoreboarding on
sions to the execution stage. Only data for execution stage is given,the prefetch buffer.
as only the ALU was modified and the other modules remained The CPU accesses a split transaction bus, aritipieumemory
unchanged. modules can be used to supply sufficient memory bandwidth. The

Figure 3 gives the gate count andtical path delay for new csarefetch architecture is described in more detail in [9].
branch instructions. These change only the branch address an

branch condition evaluation in the execution stage, the interface

between EXE and the AT stage which contains thegprogram counterﬁ'2 Performance

being justan address and a branch flag (indicating whether to branclror performance characterization, we have used Livermore vector
to that address or not). The critical paths reported are those for theprocessing kernels [19] with varying problem size. We have eval-
interface to the AT stage, not those for other interfaces. uated configurations for cold- and warm-started caches, as well as

6.1 Prefetch architecture
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Figure 7: Area usage and critical path of the execution unit after
implementing the required functionality for data streaming. (12]
prefetching with different memory subsystems. The normalized ge-
ometric mean for cycle count as a function of problem size is shown [13]
in figure 6. Additional results for some graphics code kernels are
reported in [8]. 1
Figure 7 shows resource usage and critical path for the execu-
tion stage of a prefetch implementation. The area usage in the exe-
cution stage is increased essentially by the size of an adder needefl5]
to computer the next memory access address by adding the stride
to the current address. The critical path of the execution stage is[16
actually shortened, because we have streamlined the implementa-
tion. While memory addresses were previously computed by the
ALU, all addresses are now generated by a single address addeil17]

simplifying the internal structure.

B

[18]

7 Conclusion

[29]
In this paper, we have demonstrated how to apply hardware/softwar?m]
co-evaluation to instruction set definition. We have defined and
evaluated instruction set extensions for two application areas. The
instruction set extensions have been addedto a RISC processor core
based on the MIPS instruction set architecture. In this work, we [21]
evaluate instruction set architecture extensions optimized for sev-
eral application-specific problems.

A core-based design approach allows early design evaluation[22]
with low non-recurrent engineering costs to reduce overall design
risk. As this method gives quick feedback on the performance, [23]
efficiency and price of the design, several design choices from the [24]
design space can be evaluated in a very short time until the optimal
design is specified. [25]

[26]

The author wishes to thank Valentina Salapura who has contributed
to the quality of this work by numerous valuablgggestions.
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