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ABSTRACT generate more energy-efficient IS's, especially when we are given

Several techniques have been proposed to enhance the energy-el"ﬁhe freedom to modify an IS on an application (or application do-

ciency of ASIPs (Application-Specific Instruction set Processors). main) baSiS: With the recent development in soft IP's _(|ntf_sllec-
tual Properties) and configurable processors, IS customization has

While those techniques can reduce the energy consumption with ab " q ke diff Lo
minimal change in the instruction set (IS), they fail to exploit the ec’ome possible and even necessary to ma e d erentiation in to-
day’s competitive markets. Nonetheless, previous work on low-

opportunity of designing the entire IS from the energy-efficiency L o .
perspective. In this paper, we present an energy-efficient IS Syn_power ASIPs (Application-Specific Instruction Set Processors) has
not been so ambitious as to fully exploit the flexibility of ASIPs

thesis technique that can comprehensively reduce the energy-delay ; - :
product (EDP) of ASIPs through optimal instruction encoding, con- and rede5|gn the IS from the energy-eﬁmeqc_y perspective.

sidering both the instruction bitwidth and the dynamic instruction In this paper, we present an energy-efficient IS.SYntheS,'S ap-
count. Experimental results with a typical embedded RISC proces- Proach for application-specific processors. We optimize IS's un-
sor show that our technique can generate application-specific |s'sder given microarchitectural constraints, as the design change in

that are up to 40% more energy-efficient over the native IS for sev- Lheddat_aptz)ilth %"_"}’I |n;:_ur §|gr_1|f|canthe_ng|neer|ng CQSF and thus rt1)ot
eral application benchmarks. e desirable. With a fixed microarchitecture, specialization can be

made in such areas as instruction encoding, the number of instruc-
Cat . d Subiect D int tions, and the instruction bitwidth, all of which can be considered
ategoriesan | ect Descriptors as instruction encoding in a broad sense. Thus, our objective is to

C.0 [Computer Systems Organization General]: Instruction set find the best instruction encoding (manifested by RISC vs. CISC)

design (e.g., RISC, CISC, VLIW) that leads to the maximal energy-efficiency through fewer number
of instructions fetched (reducing the instruction memory energy)
General Terms or fewer number of execution cycles (reducing the processor core
) ] energy) or a balance of the two.
Design, Algorithms One of the critical elements of the proposed energy-efficient IS
synthesis is reducing the instruction fetch energy through multiple
Keywor ds dimensions of the code volume (the number of instructions fetched

multiplied by the instruction bitwidth). While some previous low-
power techniques can also have similar effects of reducing the code
volume, only one dimension has typically been consid&rér
technique, on the contrary, addresses the multiple factors of the
1. INTRODUCTION code volume and provides a comprehensive optimization frame-
Itis well known that CISC IS’s (Instruction Sets) are more energy- work for energy-efficient I1S’s. Also, our scheme generates a single
efficient than RISC IS’s for the same microarchitecture [1]. How- IS as opposed to dual IS’s (compressed, uncompressed) as the code
ever, it is not well known how we can utilize this observation to compression techniques do; thus, it avoids the problems of dual
*This research was conducted while the first two authors were vis IS's such as requiring an instruction decompressor (or re-map ta-
iting UC Irvine, and supported in part by grants from NSF (CCR- ble) and, for some techniques, having to take care of the changes in

0203813 and CCR-0205712) and Hitachi Ltd. We also thank mem- the branch target addresses. It should be noted, however, that our

bers of the UCI EXPRESS compiler team for their assistance. IS customization framework assumes minor architectural changes
in the datapath, allowed by the given architectural constraints, such
as inserting additional muxes in front of functional units, as well
as changing the instruction decoder logic. Our experimental re-

Application-specific instruction set processor (ASIP), customiza-
tion, instruction encoding, low power, energy-delay product

Permission to make digital or hard copies of all or part of this work for 7 . . .
personal or classroom use is granted without fee provided that copies are FOr €xample, low-power instruction compression schemes [2][3]
not made or distributed for profit or commercial advantage and that copiest’y to reduce the code volume by focusing only on the bitwidth of
bear this notice and the full citation on the first page. To copy otherwise, to frequently occurring binary instruction patterns (thus not changing
republish, to post on servers or to redistribute to lists, requires prior specific th€ number of instructions whether static or dynamic). Likewise,

permission and/or a fee. code size reduction techniques [4] aim to reduce the static code
ISLPED'03,August 25-27, 2003, Seoul, Korea. size, thus may not be effective for reducing the dynamic instruction
Copyright 2003 ACM 1-58113-682-X/03/0008%5.00. count.
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Figure 1: Instruction set synthesisflow.

sults show that our technique can generate application-specific I1S’s @) (b)
that outperform the native IS of a typical embedded RISC proces-
sor, not only in performance but also in energy and the EDP, up to
about 40% with each metric.

The rest of the paper is organized as follows. In Section 2 we
briefly discuss the previous work for energy-efficient ASIPs and in
Section 3 we highlight the key elements of the encoding-oriented IS complex instruction generation phase, a group of complex instruc-
synthesis for ASIP customization. In Section 4 we derive the con- tions are created for every sequence of ufNtbasic instructions
tribution of each instruction to the overall energy-efficiency based appearing in the preliminary assembly code, wheris a design
on an ASIP energy consumption model. We present our experi- parameter. Then the most useful complex instructions are selected

Figure 2: (a) The structural view and (b) the behavioral view
of an example ASIP system.

mental results in Section 5 and conclude the paper. in the instruction selection phase.
Now, to select the most profitable ones to include in the final IS,
2. PREVIOUSWORK we need to consider the benefit and the cost of choosing a complex

Previ K | techni for ASIPs h " instruction. If the objective is the performance, the benefit may
revious work on fow power techniques tor S has Mostly e the number of cycles saved by using the complex instruction

gﬁgﬁe?grattﬁs n%r:nggr%?tifsrtr:uifisolggmiﬁé IOSf; %[‘osﬁrelécj?entsﬁevs\ungﬁf instead of the corresponding basic instruction sequence. The cost
ging : factor comes into play to take into account the instruction encod-

ing activity_ and the dynami_c energy consumption in IF (Instruction ing constraint, i.e., there can be at mo¥ ZIW is the instruction
Fet;:h% _regtlstetr_s of ASIIESi |tthwas prtofposed tto re-er;code the opcod itwidth) number of distinct bit patterns that can be assigned to the
part of instructions so that In€ most frequent 0pcode SeqUENCes Caly o 1o instructions (including the basic instructions). Therefore,
have the _smallest Hamming c_ilstances [5]i6]. or, explc_)ltlng the if a complex instructiori usesW bits to encode all its operands,
asymmetric energy consumption of some memory devices, eVeN, W 1 imber of bit patterns (called tiede spaceised byi) need to

whale Instructions can be re_:-encoded [7]i8]. Also, fo_r a moreé e reserved for instruction which can be regarded as the cost of
aggressive approach, removing unused or less useful InStrUCtlonsselecting’. Then, the instruction selection can be formulated as an

frovrcr:_r;etlhs hast. beher_1 SqueStegt[Q]'” h v minimal ch optimization problem determining the set of complex instructions
lie these techniques may it wellwhere only minimal Changes. ¢ ayimizes the total benefit within the code space constraint

can be made in the archltgctu_re, they are too cpnservatlve wher_l a(i.e., the code space of the selected ones should not exceed the total
more aggressive IS redesign is preferred to seize the opportunity . 4o space permitted)

affé)rd_ed _by (t:r?nf:gsaufrabletrp])rocessor?.ﬁ_C_ontrastlneg, V\f ccznstl)d(te_r However, this formulation involves two issues. First, the ben-
redesigning the rom the energy-etliciency perspective 10 bel- o4 ang the cost of a complex instruction depend on what other

:gr eXFt)LO't _th(te ﬂﬁX'.b'“ty.Of conflgucrjable p(rjocgssqrs.t Int_[lo], and complex instructions are already selected. Second, the effect (ben-
SynIesis technique 1s proposed considering instruction enco “efit) of a complex instruction depends on how the compiler will use

'nr?d \éVh'Chr:Si ho:lvei\éerr, dr?vrelopefﬁ Eo:\perf(érn:an:erlmp;(f)ivierzte?é the newly-generated complex instructions in the code generation
a 0€s not consider energy-efliciency. Lur energy-efticient phase as well as other compilation phases. [10] gives an efficient
synthesis is based on this technique, but significantly extends it onheuristic algorithm for the first issue, whereas for the second is-

considering various optimization goals and their efficacy. sue it assumes a certain deterministic procedure for the compiler
to generate the code using the complex instructions, thus making

3. SYNTHESIZING INSTRUCTION SETS it easy to estimate their benefit. This encoding-oriented IS synthe-
The encoding-oriented IS synthesis framework assurasiin- sis framework provides a versatile IS synthesis environment where

structions, which are provided by users once for each processordifferent CISC-like IS’s can be generated for different optimiza-

A basic instruction is defined to have only one operation and is tion goals, in essence, by altering the definition of the benefit of a

used to create new instructions for specific applications. These newcomplex instruction.

application-specific instructions are calleaimplexnstructions be-

cause they are built by combining multiple basic instructions. Also,

the basic instruction sebésic |19 provides a simple representaton 4, ENERGY OPTIMIZATION

of the processor architecture, together with the resource constraints

provided separately. Complex instructions are generated for each

application or a set of applications representing a domain of appli- 41 ASIP Energy Model

cations. Figure 2 illustrates a simple ASIP chip including a processor IP
Figure 1 illustrates the process of generating a complex |IS. First core and memory blocks. From the behavior perspective, the same

the application and the basic IS are given as input. The application ASIP chip can be viewed, at the cycle level, as a pipeline of IF, ID,

is compiled using a retargetable compiler targeted for the basic 1S.and EX stage operations. The CMOS dynamic energy of the whole

This preliminary assembly code is used in the rest of the IS syn- ASIP can then be seen &g + E|p + Egx, whereE g, Ep, and

thesis process. The actual synthesis process consists of two phaseEgx are the energy consumed by the operations in IF, ID, and EX

complex instruction generation and instruction selection. In the stages, respectively. Also, the energy-delay product (EDP) of the

331



ASIP, for a given clock frequency, can be defined as 4.3 Modifying the Selection Algorithm

From the EDP difference of IS’s in (1), we can quantify (approx-
imately) each complex instruction’s contribution to the reduction
of EDP, or benefiBen, as

EDP= (Eir +Eip + Eex) - Neye,

whereNgyc is the number of execution cycles of an application.
The energy consumed in each stage can be modeled, simplifying Ben — a- Rlpyc+ b- F{Zns. )
interrupts, pipeline flush, etc., as
Note that (2) can also represent the performance improvement and

EiF +Ep +Eex = the energy reduction benefits by changing the constant vadues:
[Nins- (@M +@Bus+@aF )]+ [Nins- @] + [TopNop - €op 1 andb = 0 for performance improvement, aad= 0 andb = 1 for
. o ) energy reduction.
whereNins is the dynamic instruction coungwm, @Bus, €, and To extend the IS synthesis framework for energy or EDP opti-

&p are the per-access energy consumption in the instruction mem-mjzation, the benefit definition and the benefit updating part in [10]
ory, instruction bus, instruction fetch unit, and instruction decoder, peed to be changed according to (2). The newly introduced vari-
respectively; andop ande,p are the number of operations and the  ap|eRIns, which represents the instruction count reduction by using
per-operation energy consumption in the EX stage for each opera-3 complex instruction instead of the corresponding basic instruc-
tion (group)op, respectively. tion sequence, can be easily calculated—the number of basic in-

42 EDP Change Dueto | S Customization structions in the sequence minus one.

Let’s consider the energy-efficiency (defined by EDP) of the ba-
sic IS (denoted b¥B) and the synthesized IS (denoted@)y which 5. EXPERIMENTS
is B plus selected complex instructions. For the two IS’SNE;:

andN§, be the numbers of execution cycles, a¥f¢i andNG be

51 Experimental Setup

their dynamic instruction counts. Note thﬂg/c andNE, are fixed For our experiments, we used the MIPS microprocessor archi-
. L c tecture [11], from which we defined a basic IS annotated with re-
for a given application whereet§yC andN

o . ins aré su_bject_ to opti- source and timing information. For deriving complex instruction
mization. From the IS syn_the5|s p_roced_ure described in Section 3'sets, we used a number of realistic benchmark applications cov-
we can assume the following relationships. ering multimedia (e.g., h.263 decoder, JPEG encoder), control-

NC . — NB ZR?yC‘d' X intensive (e.g., ADPCM coder/decoder), and cryptography (e.g.,
cye e £ tA DES) domains. The benchmark applications were preprocessed us-
NC. _ NGB S Ly ing the EXPRESS retargetable compiler [12] targeting the basic IS
ins  —  Tins ™ Z R"™-di-Xis to generate preliminary assembly code, which was used for the rest
' of the IS synthesis process.
WhereRicyc and Rgns are the expected reductions in the cycle count ~ While the MIPS architecture has 32-bit instructions, the_ native
and the instruction count (respectively) if a complex instruciiisn 1S [11] of the MIPS uses the code space of only abd@tr2eaning

used once in place of a basic instruction sequetiéethe dynamic that the native IS essentially uses only 30 bits, reserving the rest of
matching count, by which times the complex instructids used the code space for future versions. Since the basic IS for the MIPS

in the applicatio?; and; is a binary variable with the value 1 Was defined with the code space of abou2t< 10%, we used the
indicatingi is selected. code space of® — 1.42x 10° for the complex IS synthesis.

Now, we make the following observations to derive the EDP dif-  After the IS synthesis process, the application was recompiled
ference. First, the EX stage operations such as ALU operations andusing the same retargetable compiler targeted for the synthesized
memory Operations are considered the same in terms of energy Conl.s. The execution CyCle counts and the instruction fetch counts
sumption for bothB andC, assuming gated clock implementation Were obtained through cycle-accurate simulation (at the basic block
to prevent unnecessary computation; herigg is the same for level) and profiling. We assume that the ID energy is the same for
both IS's. Secondgy, egus ander are considered the same for  all IS's, as we compare the synthesized IS’s with the native IS,
bothB andC. Although the two IS’s will have different binary pat- ~ Which also has many complex instructions.
terns, resulting in different binary codes and different energy con- ~ For the energy consumption estimation, we made the following
sumption, we assume that the per-access energy consumptions ar@ssumptions on the architecture. We assumed that the instruction
the same for the two IS%.Then, assuming that IF energy is much memory is large enough to fit each application so that there is no

larger than ID energy increase (i.@m -+ €pus+&F > €4, — ), off-chip memory access for instruction fetch. To further simplify,
the EDP difference can be approximated as we assumed that there is no instruction cache; thus, instruction
) memory energy consumption only depends on the number of in-
AEDP=~ Z(a- YL b-R"S) .- X, 1) struction fetch. For the energy consumption ratio between IF, ID,
I

and EX stages, we assumed that the ratio betvigien- ER, and
Eex is 1:1 for all applicationé. Note that this assumption also al-
lows for an easy comparison of the EDP values for different IS’s;
that is,

where constanta areb are defined aa = E} + E}, + Egx and
b=EF +EY .

2How many times a complex instruction will be used by the com- Repp=[1—0.5(1—Rur)]-Ricyce,

piler depends on what the selectedC$i6 as well as the compiler's

code generation algorithm. This dependencyCas taken care of whereRepp, Rur, andRucyc are the ratios of the EDP, #IF, and
by the selection heuristic by adjusting the benefit and cost valuesthe cycle count values (respectively) of two IS’s.

as complex instructions are selected.
3The instruction bitwidth is given as a parameter for the IS synthe- “We base this ratio on the ARM920T power analysis result [13]
sis and thus is constant during the IS synthesis. taking into account different activation factors of components.
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Figure 3: Performance, #l F, and EDP of the synthesized | S's, normalized to that of the native | S. The three bars per each application
correspond to thethree | S's synthesized with different optimization goals: Performance, EDP, and Energy (in order). Therightmost
column in (c) isthe geometric mean of the four benchmark resultson EDP.

5.2 Improvement Through IS Synthesis technique can generate application-specific IS's that outperform the

Recall that the strategy employed by our IS synthesis framework native IS of a typical embedded RISC processor, in performance,
improves the native IS in two steps: 1) extract the basic IS from energy, and the EDP, up to about 40% with each metric.
the native IS; and 2) build complex instructions on top of the basic ~ Our methodology to improve the IS of a processor from the
IS. Therefore, the synthesized IS's always generated far better re-energy-efficiency perspective focuses on the flexibility of ASIPs
sults compared to the basic IS in all the experiments performed, andat the instruction level. In the future, we plan to investigate cus-
these trivial results are not shown here. More importantly, in most tomization techniques at higher-levels (e.g., loops, functions), to
cases the synthesized IS generated better results even compared &Xploit more opportunity available in future complex systems-on-

the native IS, as shown in Figure 3.

Figure 3 shows the results generated by the synthesized IS’s, in
terms of the performance (#cycles), #IF, and the EDP, normalized
to that of the native IS. To see the effects of different optimization
goals, i.e., performance, EDP, and energy (#IF), we synthesized
three IS’s for each benchmark application; thus, the three bars for

each application represents the results of the three different synthe-
sized IS’s. The graphs show that the synthesized IS’s can generate 2]

performance improvements of up to 43% or the IF reduction of up
to 44%, though the improvements vary depending on the applica-
tion as well as the optimization goal used. Also, when translated
into EDP, the synthesized IS's can reduce the EDP by up to 42%
(compared to the native 1S), and 25% on average for all the applica-
tions using the EDP optimization. These results clearly show that

the proposed technique can generate energy-efficient IS’s for many

applications in various domains.

From the figure, it is clear that optimizing for one metric does
not necessarily lead to optimal results for other metrics as well,
which confirms the need to consider the energy-efficiency metric
more explicitly. Also, as expected, the best results for a metric
were obtained by directly optimizing for the metric in most cases.
There were minor exceptions, however: for the ADPCM bench-
mark the greatest energy reduction (the lowest #IF) was achieved
by optimizing for EDP, and for the h.263 benchmark the greatest
EDP reduction was achieved by optimizing for performance. This
phenomenon is most likely due to the suboptimality of the instruc-
tion selection heuristic algorithm.

6. CONCLUSION

We have presented an energy-efficient IS synthesis technique
that is based on an encoding-oriented IS synthesis framework. To
comprehensively reduce the code volume, our technique optimizes
the instruction encoding, considering both the instruction bitwidth
and the dynamic instruction count. To apply the IS synthesis frame-
work for energy-efficiency optimization, we formulated the EDP
change due to IS customization and derived the contribution of
each complex instruction. The experimental results show that our
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