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Abstract synthesize a system that meets the specification constraints.
Figure 1 shows the overall design flow of the system with
In this paper, we present a novel methodology for pro- the following main steps - specification, partitioning, syn-
cessor evaluation in an embedded systems design environthesis and system integration.
ment. This evaluation can help in either selecting a suit- The processor evaluation is one of the components of
able processor core or in evaluating changes to an ASIP. the above project. The objective of the processor evaluation
The processor evaluation is carried out in two stages. tool, given any application behavioral specification and a
First, an architecture independent stage in which proces- range of target processors, is to evaluate the processors for
sors are rejected based on key application parameters andtheir suitability. This is intended to be achieved in two steps:
secondly, an architecture dependent stage in which perfor-
mance is estimated on selected processors. The contribu-
tion of our work includes identification of application pa-
rameters which can influence processor selection, a mecha-
nism to capture widely varying processor architectures and e Evaluation of remaining processors by a quick estima-
an instruction constrained scheduler. Initial experimental tion of the application performance in terms of number
results suggest the potential of this approach. of cycles.

¢ Elimination of unsuitable processors on the basis of
major mismatch between application requirements and
architecture characteristics.

The above steps require identification of a set of parame-
. .. ters that characterize the processor architecture to facilitate
1 Introduction and Objective their evaluation. Similarly, on the application side, some pa-
rameters have to be extracted out to capture the application
Embedded Systems can be found in a large variety of characteristics. The final objective is to automate the eval-
applications today like transportation systems, networking uation process with major thrust on retargetability of the
and mobile communication. Typically, they comprise of application. The dotted box in figure 1 shows the processor
a processor and some application specific hardware builtevaluation activity as part of the overall project.
around it. The software is used for quick, easy and cost It is often the case that at the evaluation stage of the
effective implementation while the hardware is used to project, one doesn’t have the compilers and simulators for
speedup critical parts of the algorithm. Till now, the design all the range of processors that one needs to consider. More-
of embedded systems was largely carried out in an ad-hocover, compilers for most of the DSP processors are not ef-
manner. With dramatic decrease in silicon costs, it is now ficient [1, 2]. Further, the range of processors can have
possible to implement very complex systems on a single widely varying underlying architectures. Hence this project
chip. With significant increase in performance requirements attempts to bring all the target processors on a common plat-
of applications, the expected complexity of such systemsform to evaluate them.
will require a rigorous design methodology with a need for ~ Another major application of our processor evaluation
extensive support design tools. The focus of the Embed-methodology will be in the design of ASIPs. We can
ded Systems Project at lIT Delhi is to develop a systematic quickly estimate the performance improvement achievable
methodology for embedded systems design. due to architectural modifications. These modifications may
The embedded systems project aims at the developmeninclude the addition of new instructions, increase in the
of a design methodology for embedded systems for vi- number of functional units, registers, memory accesses in
sion/image processing applications. Given a system specyparallel, depth of pipeline, etc. Thus, our tool would be
ification, by following the methodology and with the help able to predict whether such modifications would enable an
of the tools developed to support it, the user will be able to ASIP to meet the application’s real time constraints.
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application described in C into an intermediate format. The
libraries provided by SUIF can be used to extract relevant
information from the intermediate representation (IR). A
number of parameters characterizing the application are ex-
Figure 1. Abstract design flow tracted from the intermediate representation. For example,

one such parameter is the average number of instructions
that can be executed in parallel. This indicates the nature of
concurrency in the application which when analysed along
2 Overall Approach with the performance specifications, translate to the require-
ments for the processor. For details of other parameters and

h I h luation is sh their relevance in the processor selection process, refer to
e overall approach for processor evaluation Is SNOWN getinn 4. In order to capture the architectural characteris-

In figure 2. The methodology tal_<es as input _the e_lppllca- tics, we have developed a description format. The format
tion as well as the processor architecture specification. Theyascribes the processor in terms of operations that are exe-

application is to be converted to some intermediate repre-¢ta py the different functional units along with their ex-

sentation (IR) using a front end tool. Simultaneously, the o\ tion time, concurrency of execution and constraints on
processor architecture features have to be captured. The eSheir concurrency. Details of the format are described in
timator takes the two inputs and generates estimates of codgation 3.

size and execution time. This information regarding code

size and execution time is appended to the IR for a range of . )

processsors. The partitioner uses this information for soft- 3 Architecture Representation

ware performance estimation. A key feature we would like

to build in our estimator is the possibility of trading off qual- ~ Architectural features of the processors play a key role

ity/accuracy of estimates against estimation time. in the matching of an application to the processor. For ex-
Currently, we are usin§UIF (Stanford university inter-  tracting key features of the processors under consideration,

mediate format) [4] as the front end tool for the application. we used a simple processor description format.

SUIF is basically a front end of a compiler that convertsthe  This format is an adaptation from the machine descrip-



Table 1. Application Parameters

S.No. | Parameter Relevant Processor Architecture Features
1 Average block size Branch penalty
2 No. of multiply-accumulate operations multiply-accumulate as a custom operation
3 Ratio of address computation instructions| Separate address generation ALU
to data computation instructions
4 Ratio of I/O instructions to total instructionsMemory bandwidth requirement
5 Average arc length in the data flow graph | Total no. of registers
6 Unconstrained ASAP scheduler results | Operation concurrency and lower bound on performance

tion format which is used to describe the TriMedia proces- Hence, in this stage, processor architectures which are un-

sors from Philips [5]. This format incorporates the follow- correlated with the application requirements are eliminated.

ing: This stage is particularly useful, when one has to decide
among a large number of variable processors of very differ-

« Different types of functional units, associated opera- ent capabilities. In the second stage of evaluation, we take
tions and delay properties of each functional unit such up the selected processors. Here, the target processors are
as latency, recovery & throughput. evaluated to get an estimate of the number of cycles. This

is done by an architecture constrained scheduler that sched-
ules the application on a processor architecture, as captured

« Number of registers. by the description file.

e The number of functional units of each type.

¢ Number of operation slots in each instruction. 4.1 Application parameters

¢ Restrictions on mapping operations to slots. i i
As mentioned earlier, we have extracted some parame-

e Concurrent Load/Store operations. ters from the application. Table 1, second column shows
the parameters that are being currently extracted. The third
In architectures with multiple functional units, we have column lists the architectural features relevant to this pa-
encountered both the following situations : rameter which influence the performance of the application
on a processor. From an analysis of these parameter val-
o Latency of an operation depends on the functional unit ues vis-a-vis architectural features, it should be possible to
performing the operation. 'grossly’ evaluate suitability or otherwise of a processor.
The “average block size” parameter gives an indica-
tion of an acceptable branch penalty. If the block size is
too small, then a deeply pipelined processor with a high

To take care of these possibilities, we associate a IatenC)Pram,:,h penatl_ty will have Itarggrdc_)vetrhe?r:is.f The numb(fa;r?f
with both the operation and the functional unit. The final mac” operalions parameter indicates the frequency ot the

delay associated with an operation on a specific functional][nuIt''EJ(ij'aCCl:;nuIate (:Eeratlon mt the a?p“hcatl,(,)n. Th?re-
unit is the product of the delay of the functional unit and the tﬁre’d epending on | ISI perc<|an agtt:] 0 ﬁma:c fotpr)]era on,
delay of that operation. For details of the grammar used for € gesigner can quickly analyze the €efiect of the pres-

describing the processor architecture, refer to our report [7]_?nc§/absence of *mac msf[ruc_tlon n _the processor. The
Ratio of address computation instructions to data compu-

o L. tation instructions” parameter indicates the effect of a sep-
4 Application Characteristics arate address generation unit in the target architecture. The
“Ratio of I/O instructions to total instructions” parameter
In order to perform the match between the application influences the memory bandwidth requirement. Higher ra-
and the processor architecture, we have approached thé&io implies a need for a processor that supports more concur-
problem in two stages. In the first stage, we extract certainrent load/stores. The “Average arc length” parameter shows
parameters from the application, independent of the targetthe average number of cycles between the generation of a
processor architecture. These parameters give an indicascalar and its consumption in the data flow graph. Thus,
tion of some of the characteristics of a suitable processor.it influences the size of the register file of a processor. A

¢ Latency depends on the operation being performed in-
dependent of the functional unit on which it is mapped.



higher value means that the variables have to be kept in the

. . . Applicationin C
register file for a longer time and therefore, more number of pplcationin

registers are required. This can lead to accepting/rejecting
single accumulator processors.

The unconstrained ASAP scheduler schedules the appli—
cation using the “as soon as possible” strategy. It output Qé’!’;ﬁii'é’r”
a histogram that indicates the level of concurrency presen extracter
in the application, i.e. the operation lelevel parallelism that
can be utilized by the application.

A number of simplifying assumptions have been made Application c
in the development of the above modules. For example, in @@ Profiler
the average block size module, the instructions associated, i arion
with the condition code evaluation of the conditional struc- { timing constraints
tures and loops are ignored. It is assumed that each array _
instruction contributes to the total instructions by at least Processor ﬁﬂD
twice the number of dimensions it has with two instructions
to compute the array element address in each dimension.
Further, the array accesses are assumed to point to data that B
is always in the memory. Similarly, in the ASAP sched- ’ \ Performance
uler used in this stage, no resource constraint is taken into Processor A (constiained
account. The instructions within a block are scheduled con- scheduler)
currently whereas blocks within a function are scheduled
sequentially. This assumption is valid for architectures not ’-\
supporting speculative execution. All scalars referenced in Performance
a block are assumed to be brought into the register file at estimate A
the start cycle of the block. These assumptions are likely
to lead to lack of accuracy in estimation. Extensive testing Fiqure 3. Processor evaluation: Flow diaaram
would be required to establish the collective effect of these 9 ' ' 9
on our estimates.

4.2 Architecture Constrained Scheduler filing information of the application to get the number of
iterations of each block of code. Depending on the iteration

. . . count, the estimator generates the cycle count.
This is the second stage of the evaluation process. Till S . .
. o A number of simplifying assumptions are taken in the
now, the architectural aspects and the application character-, . . i .
o . . . . design of this scheduler. Some of these are: all operations
istics were being considered independently. But in order to : : : .
L operate on operands in registers and all operations involved
do performance estimation of the number of clock cycles, . ) . )
. in the address computation of an array instruction are car-
the two have to be considered together by one analyzer. We. . . L o
. ! ried out by the insertion of explicit address computation in-
have developed a constrained scheduler that estimates the . L Lo S
. L Structions. A first fit heuristic is followed when assigning
number of clock cycles, given the description file of the tar- . . .
. . ._functions to functional units and slots.
get processor architecture. A key feature of this scheduler is
its capability to reflect the flexibility(or otherwise) of the in- . . .
struction set to handle concurrency in its output. Instruction ©  Overall Environment and Estimation Re-
encoding of many processors don’t permit arbitrary simul- sults
taneous invocation of all functional units.

The architecture constrained scheduler is based on the Figure 3 shows the detailed flow diagram of the pro-
list scheduling algorithm [8]. The scheduler does a passcessor evaluator. First, the application is passed through
on the application to generate the data dependencies. Afa profiler “gprof” [10] to estimate the frequency of var-
ter that, a priority is attached with each operation which ious blocks in the C program. This is followed by two
is based on the height of the operation in the dependencystages of evaluation: the architecture independent stage and

raph. This priority function is used by the list scheduler to the architecture dependent stage. In the architecture inde-
grap p y p g
choose from available operations. The constrained schedpendent stage, parameters are extracted from the applica-
uler reads the processor description file to assign operationgion, as explained in section 4.1. These parameters along

to the functional units. The estimator also takes the pro- with the range of target processors, application timing con-



Table 2. Extracted Application Parameters

Function Average “mac” address/data | |O/Total Average Average
block size | operations | instructions | instructions | arc length | instr./cycle
doflip_h 5.4 1 0.9 0.3 26.8 1.8
doflip_v 5.7 1 0.9 0.2 40.3 15
do_transpose 3.7 1 1.0 0.2 37.4 1.3
do_rot 90 5.0 1 11 0.2 50.1 1.4
do_rot 270 5.1 1 1.1 0.2 45.6 15
do_rot. 180 6.4 1 1.2 0.2 78.7 1.6
do_transverse 7.0 1 1.4 0.1 68.8 1.7
transposecrit 7.5 1 1.6 0.2 16.0 2.0
ical_parameters
trim_right_edge 3.1 0 0.3 0.3 12.2 1.4
trim_bottomedge 3.1 0 0.3 0.3 12.2 1.4
jtransformrequest 17.6 2 0.6 0.1 21.1 1.6
_workspace
jtransformadjust 4.3 0 0.3 0.1 31.0 15
_parameters
jtransformexecute 49.0 0 0 0.1 2.4 4.2
_transformation
jcopy_markerssetup 1.6 0 0 0.2 7.7 1.1
jcopy-markersexec 2.2 0 0.3 0.3 60.6 1.1

straints and the profiling data are input to a processor se-all the parameter values. For example, the average block
lector. Processor selector rejects processors that don’t meesize ranges from 1.6 to 49 operations. Similarly, average
the constraints. This selector will scale the various parame-arc length ranges from 2.4 to 60.6 cycles and the ratio of ad-
ters based on certain gross characteristics of the processorsiress computation instructions to data computation instruc-
such as branch delay, presence/absence of “mac” operatiortjons ranges from 0 to 1.6. These experiments show that
depth of the pipeline, memory bandwidth etc. The output the range of these parameters is substantial and can help in
is a smaller subset of processors. The scheduler takes theelecting/rejecting processors in performance critical appli-
profiler output as input along with the application and the cations.
processor description files of the selected processors. Af-  For the testing of the scheduler, we have captured
ter scheduling, this gives the performance estimate of eachinstruction sets of two processors; Philips’ TriMedia (a
of the processors in terms of number of clock cycles. We VLIW processor) and TI's TMS320C6x (a DSP processor).
have designed and implemented the application parametePresently, specialised instructions like SIMD are not cap-
extractor, the constrained scheduler and automated the protured. We ran the scheduler on the above functions of the
cess for extracting the key information from the profiler out- jpeg code. The results of the cycle count are given in ta-
put. The processor selector part still remains to be imple-ble 3. It can be seen that the TI cycle count is higher by
mented. 17% to 170% vis-a-vis the TriMedia cycle count. We have
For the testing of our tools, we have used the functions also performed the validation of the results for the TriMedia
from the jpeg code [9]. We have run our parameter extrac- processor by using the proprietary tools of Philips. For most
tor on certain functions of the jpeg code. Certain test im- cases, our estimates are within 30% of the results obtained
ages were taken and some transformations were carried oufrom the proprietary tools. We are analyzing rather large
during the testing. Table 2 gives a summary of the appli- discrepancies in some other cases to improve our estimates.
cation characteristic parameters that were extracted. Each
column corresponds to the characteristics as described irb Conclusions and Eurther work
section 4.1. Figure 4 shows the histogram generated by the
ASAP scheduler on function 'doranspose’ of jpeg code.
The histogram indicates the concurrency in the code. It can  In our work, we have developed a methodology for pro-
be noticed from the results that there is a lot of variation in cessor evaluation. We have attempted to do so through a



Table 3. Comparison of Actual and Estimated

Cycle Counts

Function Estimate | Estimate | Actual
TI TriMedia | TriMedia

jtransformrequest 41 35 31

_workspace

jtransformadjust 44 28 34

_parameters

jtransformexecute 64 23 20

_transformation

jround.up 49 37 54

accesyyirt_barray 4581 3161 3180

free_pool 583 390 417

jinit_memorymgr 209 159 116

two-stage process. The first stage is architecture indepen-
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Figure 4. Histogram generated by ASAP
scheduler on function do _transpose of jpeg
code

dent while second stage does the architecture dependent

performance estimation. We have developed and imple-

mented the parameter extractor and the constrained sched-

uler. Preliminary results suggest that our approach has
the potential to quickly eliminate unsuitable processors and
evaluate modifications in ASIPs.

Our further plans include:

¢ Identify a larger set of application parameters and ar-
chitectural features

¢ Strategies for choosing processors from parameter val-
ues and architectural features by estimating their influ-
ence and

¢ Increasing the range of supported processors

Finally, this methodology has to be applied on complete ap-
plications and results of performance estimation is to be
compared with proprietary tools more extensively for val-
idation. The methodology though applicable in general, is
likely to be effective when the parameters and their relative
influences are tuned to a specific application domain.
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