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This Talk is based on,
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[ Bernhard Egger, Chihun Kim, Choonki Jang, Yoonsung Nam, Jaejin Lee,
and Sang Lyul Min. A Dynamic Code Placement Technique for
Scratchpad Memory using Postpass Optimization. /n Proceedings of the
International Conference on Compilers, Architecture, and Synthesis for

Embedded Systems (CASES'06), Seoul, Korea, October 2006

[ Bernhard Egger, Jaejin Lee, and Heonshik Shin. Scratchpad Memory
Management for Portable Systems with a Memory Management Unit. /In
Proceedings of the International Conference on Embedded Software

(EMSoft'06), Seoul, Korea, October 2006.
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Motivation and Goal
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[ Less die area required than caches
[ 1-cycle access
[ Managed by software (explicit addressing)
[ To reduce energy consumption
[ But, keep (at least) the same performance

[ Scratchpad memory (SPM) in embedded systems
[ Smaller energy consumption per access than caches
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Our Approach

[ Based on demand paging and post-pass
optimization
[ Two mechanisms

[ Software only
[ For low-end embedded systems with no MMU

O With MMU support

[ For contemporary portable devices with an MMU
[ New horizontally-partitioned memory subsystem
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Outline

[J Motivation

[ Software-only virtual memory
[ Virtual memory with MMU support
[ Conclusions
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Target Architecture

core Instruction core — ICache
SPM

bus bus
external external
memory memory
target architecture reference architecture
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Related Work

[ Static allocation
[ Verma et al. (DATE'04): Cache-Aware Scratchpad
Allocation Algorithm
[ Dynamic allocation
[ Steinke et al. (1ISSS'02): Reducing Energy Consumption
by Dynamic Copying of Instructions onto Onchip
Memory

[ Udayakumaran et al.(CASES'03), Poletti et al.
(DAC'04), Angiolini et al (CASES'04)




Post-pass Optimization
(Seoul National university Advanced Compiler tool Kit)

Disassemble
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CFG
Generation

Natural Loop
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Profile
Code
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Segmentation

# instruct
# calls/rewrns

profiling
image
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Set
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[ Break down functions into three
classes: SPM, Ext, and Paged
[ Based on profiling and ILP

[ Natural loop extraction

[ Extracted loops are transformed
into independent functions

Each paged function is

and |, ILP transformed into a segment
CaII/Ret_urn Solver
Expa'y O Basic loading units are segments
SPM
SPM-optimized " reged 15.;t page segment
e Ext bar() | mmp [ 2PABkYe | SFITH 0
Page Manager —C]-"-d—pag-e—

SNACK-pop [ pata | v
T, T
e o MR

D0




Advanced Compiler
Research Laboratory

Post-pass Optimization (contd.)

[ Calls/Returns to paged
functions must be

Disassemble

R s intercepted by the page
Generation

__- manager
nstruction
Natural I_.oop Profile Set
Detection C .
and —» od.e Simulator

. Insertion - [

Abstraction # instructjon fetches
T, # calls/refurns bl bar
Segmentation

and B ILP ‘

Call/Return Solver
Expary bl pagetable[bar]

SPM mov pc, Ir
> Paged
SPM-optimized
image - '::t push Ir
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Dynamic Code Placement: Page Manager

[ Loads paged functions on-demand
[J Evicts functions if necessary
[ Modifies the contents of the paged function table
[ Performs function lookups for control transfers to targets that cannot be resolved at
compile-time
(3 function pointers and returns pagetable[bar]
/_\
Stack/Heap miss A hit
929: ‘1’ pagetable[bar]] pagetable[bar]]
Paged zagez scratchpad b page manager b ex_buffer[bar]
memory
page n Page page_manager
copy | Manager load bar
Ext on modify pagetable[bar]
b ex _buffer[bar
demand SPM — [bar] 7
Page SPM
Manager page 0 .
page 1 Execution bar Rage
page m -
page m ]

L] || external memory
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Integer Linear Programming Formulation:
0-1 Knapsack Problem

O Given
O A the number of instruction fetches and read-only data word accesses located in a function f,
O S; the size of a function f, in bytes
(0 N: the number of functions in the application
O  Sim: the SPM size in bytes
O  Egn: the energy consumed to fetch an instruction (or a word) from the SPM
O E, the energy consumed to fetch an instruction (or a word) from the external memory
B

O inary integer variables

Topm (i) = 1 if f; is placed in the SPM Towi(i) = 1 if f; is placed in the external memory
AT 1] 0 otherwise w1 0 otherwise

[ Minimize
Z (Isp.rn, (@) . 44?: . ES;O?TL — Ie:ct (@) . 442. . Ee:rt)
i=1,N
[ Constraints
Tspm (1) + Text () =1 forall 0 <i < N

N
Z Isp*m (@) : Sz S Ssp-m
i=1
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Integer Linear Programming Formulation:
Demand Paging

Research Laboratory

[ Additional definitions

P: page size

l,uier: the size of the execution buffer (a new general integer variable)

C.: the number of calls to f,

R.: the number of returns to f,

E.: the energy consumed by extra instructions generated by the call expansion
E.: the energy consumed by extra instructions generated by the return expansion

(3 Additional binary integer variable

aaaaag

7 N 1 if f; is in Paged and S; < lyyffer X P
paged (1) = 0 otherwise
O  Minimize
Z (Isp-m (@) : 44'31 : Esp?n + Ie;rt (@) : 441' . Ee:m + Ipa-ged (Z) ' {441' ' Esp-m, + Pf’nalt/yz})
i=1,N

[ Additional constraints
0 S Ibu.ffe-r P S Ssp-m
ISP?T?» (2) + Ié”l“t(%) + Ipa.ged('i) =1 for all O < 7 S N

IIIIIII || i=1,N
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Evaluation Environment

[ SNACK-armsim
[ Cycle-accurate ARM9 architecture simulator
[ Benchmark Programs
[ synthetic (gsort, dijkstra, adpcm, sha, bitcount), epic/unepic, mpeg4
encoder/decoder, and FFT

[ Energy Model
O Systems with SPM
E = Ecore + Espm + Fext
Eecore =t - Peore
Fspm = Nepm + Fsram
Ferwt = 1 Pstatic

+ Nest_readnon—burst * Fsdram_read_non—burst
+ Neat_write_non—burst - Fsdram_write_non—burst
+ Newt _read_burst = Fsdram_read_burst

-+ ir\;emt_ufr'zite_burst : Esdra-m_write_bu-:r‘st

[ With an instruction cache
Eicache — ir\ricache_hif : E’ifcach,e
+ i'r\ricache_miss : (E'z'.ca-che + L'i,cach,e ' Es-ram)
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Advanced Compiler

Energy Consumption and Execution Time
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Comparison to ICache

Core B SDRAM Standby B SDRAM Data SDRAM Inst. W ICache mSPM
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Number of Memory Accesses

B SDRAM data SDRAM inst. mICache SPM data
100%
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mSPM inst.
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Software-Only Virtual Memory
Summary

[ The ICache size is about 20% of the executed code size

[ Instruction cache vs. SPM with comparable die area

[ energy consumption reduced by 21.6%
[ execution time reduced by 20.2%

Executed | 1Cache | Comparable | Exec. | Exec. Total Total Number of | Number of
Application code size SPM Time | Time | Energy | Energy | SPM pinned paged
size size to to to to | library/user | library/user
|Cache | Knap | [Cache Knap functions functions
(7o) | (%) (o) (%)
synthetic 12KB 2KB 6KB 64.7 97.5 62.6 97.3 11/35 0/3
It 14KB 2KB 6KB 70.1 78.2 75.3 777 14/6 0/0
epic 21KB 4KB SKB 90.5 88.3 85.1 87.3 14/15 0/5
unepic 20KB 4KB SKB 87.6 38.2 83.4 36.8 15/41 0/6
mpeg/jenc 49KB SKB 12KB 74.9 95.9 73.7 95.7 8/45 0/15
mpeg/ dec 43KB SKB 12KB 96.1 85.2 94.8 84.7 15/16 0/12
Average 79.8 7.1 78.4 76.3
(geometric mean)
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Outline
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J Motivation

1 Software-only virtual memory

1 Virtual memory with MMU support
J Conclusions




Target Architecture

— DCache
|| instruction
SPM
core
= mini-cache
- MMU
+ bUS
external
memory

target architecture
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— DCache

core — ICache

— MMU

+ bus

external
memory

reference architecture
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Related Work

1 Existing Research

[ SPM size must be known at compile time
[J one (or a fixed set of) process(es)

[ no virtual memory

[ Ngyuen et al. (CASES'05)

[ Memory allocation for embedded systems with a compile-time
unknown scratch-pad size

[ static approach

[J decision made when the application is loaded

[ Shrivastava et al. (CASES'05)

[ Compilation techniques for energy reduction in horizontally
partitioned cache architectures

[ XScale: big main data cache + 2KB minicache

[ allocate data objects to one of the caches to save energy
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SPM Management using an MMU

[ Hardware
[ The on-chip instruction cache is replaced by a physically-
addressed SPM plus a small instruction minicache

[ At compile-time
[ Code is classified based on a trace analysis

[ uncached, cached, and paged regions
[ Paged code is clustered into pages based on temporal locality

J At run-time

[ (Un)cached code regions are mapped (un)cacheable

[ Paged code regions are not mapped

[ The SPM manager intercepts MMU page fault exceptions, loads
the requested page into the SPM, modifies the corresponding
page table entry, and resumes control to the application




Proposed Memory Architecture
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O Existing architectures [ eru
O Do not guarantee 1-cycle instruction VA o
f SPM Y :
access o , Of uTLB »unified TLB
O Consumes more energy by IPA VMU
SPM base register comparator
accessing the SPM and cache ‘ — l ‘
simultaneously spM | | TG |[pata
[ Horizontally-partitioned on- | Db
] w instruction
chip memory subsystem |
D UTLB 16-entry uTLB 1.14ns
(3 Scratchpad memory 16KB SPM 0.81ns
_ o 1K direct-mapped cache 0.81ns
(J Direct-mapped minicache Total latency (UTLB -> SPM or cache)| 1.95ns

[ up to ~500MHz, 1-cycle access
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Scratchpad Memory Management

spmm_loader() {
load SPM-optimized binary;
setup page tables;
start process;

}
[ Runtime SPM Manager

(SPMM)

[ The loader
[ detects SPM-optimized
binaries

[ sets up the page tables
accordingly

Advanced Compiler
Research Laboratory

SPM
/_\ /_\
foobar() —>X foobar()
foo() foo()
bar() X bar()
error() » error()
main() main()
init() > init()
SPMM SPMM
virtual physical
memory memory
paged uncached cached
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Scratchpad Memory Management

int main(void) {
initQ;
PC— return foobar(bar(Q):

} 5%

int barQO { --- }

int spmm_pgflt(uint adr) { 7 7
éééy page to SPM;
modify page table entry; foobar() X foobar()
resume aborted Inst;
y foo() foo()
bar() bar()
[ The SPMM handler error() | error(
O copies code pages to the SPM on main() main()
demand init() > init()
. . SPMM SPMM
O intercepts page fault exceptions virtual physical
generated by the MMU memory memory

paged uncached cached
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Scratchpad Memory Management
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int main(void) {

initQ;
PC return foobar(bar ;
—}» (bar()) T
int foobar(int n) { ... }
/_\ /_\
int spmm_pgflt(uint adr) {
disable PTE of loaded page;
copy page to SPM; foobar() foobar()
modify page table entry;
- : foo() foo()

. resume aborted iInst; bar() —X bar()
error() » error()
main() main()
init() > init()
SPMM SPMM
virtual physical

memory memory
paged uncached cached PR

N
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SNACK-pop: Post-pass Optimizer
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-
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Lobject filesm L libraries m

input ) profiling \4 g/
data . 1mage
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¥

ISS
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disassemble

v

Lproﬁle data
X X P

m CFG generation

basic block injecting profiling
placement code

image generation
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SNACK-pop: Code Classification

(0 For each basic block b;, the code region is determined by

uncached if the code is executed less than once

LOC@' — cached if Ecached(bi) < Epaged(bi)
paged otherwise
with
Epa-ged(bi) — 4’42' Esp?n + ﬂISz(Ee.rf + Esp?n)
Ecached (bz ) = A (Ecache + Meache Emiss )

where
O A;: number of instructions fetched
O S;: size of block i
O M: average number of page misses
O Mg Cache miss ratio
O Egpmexticachemiss: SPM/external memory/cache access/cache miss energy

)
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SNACK-pop: Dividing Functions

foocached()
foo()
b1
b
1 b5
b2
paged foopase()
uncached b, T >
cached b,
b4
b4
b5
foouncached()
b3
D HEIND




SNACK-pop: Code Arrangement

[ To achieve maximum performance,

Advanced Compiler
Research Laboratory

[ Paged code must be arranged in a particular way to

allocate as few pages as possible

[ cluster temporally local code together into as few pages as

possible
[ optimal solution: harder than Knapsack
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SNACK-pop: Code Arrangement (contd.)

[ Step 1: Loop detection in the trace level
[ Step 2: Compute the loop control graph and allocate
functions

b:e,c,g
size: 132 bytes

maxsize: 256 bytes

size: 104 bytes
maxsize: 128 bytes

pagesize = 128




Advanced Compiler
Research Laboratory

SNACK-pop: Code Arrangement (contd.)

[ Step 3: Pack loop bins

[ push functions from outer loops into inner loops

.- €ec
size: 112 bytes
maxsize: 128 bytes

e()
c()

f()
9()
h()

: 124 bytes

pagesize = 128
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Evaluation Environment

[ SNACK-armsim
[ Cycle-accurate ARM9 core architecture simulator with
horizontally-partitioned memory architecture as
proposed

[ Benchmark Programs
[ combine (gsort, dijkstra, adpcm, sha, bitcount), FFT,
epic/unepic, mp3 decoder, mpeg4 encoder/decoder




Energy Model
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Etota-l — ESPI‘J + Efzic-:whe + Edcache +Eemt_8ta-tic + Eemt_d*ymzmic

Tt otal

Eeache —

Espm

core clocks
core frequency

linesize

€ca-ch,e(h-it + 1 . T?'l-’iS’S)

= espm(read 4+ write)
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Advanced Compiler

SPM

M dcache SDRAM inst M icache

B SDRAM data

SDRAM standby
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combine
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JHOVI MY
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Effect of the Minicache
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SDRAM standby m SDRAM data W dcache

c 350% SDRAM inst W icache SPM

S

g_ 300% - | no minicache minicache

a time energy time energy

250% +——+— = —

5 ’ combine 27.94|  16.25 1.21 0.92

o

> 200% 4 — fft 10.10 7.68 3.92 3.35

S oo B epic 2900 | 1825 8.67 6.52

]

"_'; unepic 02,26 14.57 6.15 4.62

@ 100% - —

N i mp3-dec 18.15 12.16 4.15 3.04

©

€ 50% M — — PR | mpeg4-dec 16.51 11.55 5.00 3.89

| &

2 mpegé4-enc 15.71 11.07 2.28 1.85
8 = = 29 Zo 18.89 12.64 3.82 2.97
© n ) ) n =
Ko, N N ¥ X XX
D o N o N —

mp3-dec
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Virtual Memory with MMU Support
Summary

area requirements, we achieve
[ 12% improvement in runtime performance
[ 33% reduction in energy consumption

Advanced Compiler
Research Laboratory

[ Comparing SPM+minicache vs. ICache (20%-30%
of the executed code size) with comparable die
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Conclusion

[ Based on post-pass optimizations and demand paging
[ Software-only virtual memory

[ Fully automated dynamic code placement technique with natural
loop extraction

[ At run-time, function calls/returns to paged functions are
iIntercepted by the page manager
[ Virtual memory with MMU support

[ Horizontally-partitioned memory architecture composed of a big
SPM and a small minicache

[ On-demand paging using the MMU's page fault exception
1 Can replace the instruction cache
[ Effective to reduce energy consumption without loosing
performance




Future Work
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J Virtual memory environments for data side

J Virtual memory environments for multitasking
1 Predictable scratchpad memory management




