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SPM+MMU (1)

How to use SPM in a system with virtual

addressing?
Virtual SPM
Typlcally_ accesses MMU oroc. | [sem [ s y—
+ SPM in parallel | | |

- not energy efficient

Real SPM

< suffers from potentially

long VA translation

Egger, Lee, Shin (Seoul Nat. U.):
Introduction of small uTLB translating
recent addresses fast.

[B. Egger, J. Lee, H. Shin: Scratchpad memory management
for portable systems with a memory management unit,
CASES, 2006, p. 321-330 (best paper)]
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SPM+MMU (2)

UTLB generates physical address
In 1 cycle

If address corresponds to SPM, it
IS used

otherwise, mini-cache is accessed
Mini-cache provides reasonable
performance for non-optimized
code

UTLB miss triggers main
TLB/MMU

SPM is used only for instructions
Instructions are stored in pages
pages are classified as cacheable,
non-cacheable, and “pageable”

(= suitable for SPM)

technische universitat ® fakultat for
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instruction VA core
UTLB " unified TLB
1PA MMU
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SPM+MMU (3)

Application binaries are modified:
frequently executed code put into
pageable pages.

Initially, page-table entries for
pageable code are marked invalid
If invalid page Is accessed, a page
table exception invokes SPM

stack/heap
region

manager (SPMM). PC—
SPMM allocates space in SPM and
sets page table entry

'

If SPMM detects more requests
than fit into SPM, SPM eviction is

cached region

started

uncached

Y

cached region

uncached

Compiler does not need to know

region

SPM size

® fakultat for
informatik

technische universitat
dortmund
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Extension to SNACK-pop
(post-pass optimization)

input data
disassemble

|

profile code generation

!
building dynamic
call graph

A 4

architecture simulator

profiling
image

dynamic
call graph

profile data

A 4

‘ cloning functions
ILP solver |
inserting SPM

manager calls

I

executable image

executable

generation image
H. Cho, B. Egger, J. Lee, H. Shin:
Dynamic Data Scratchpad Memory
Management for a Memory Subsystem
with an MMU, LCTES, 2007
technische universitat = fakultat fir O p. marwedel,
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Cloning of functions

@.@ & W
g = @ @
0 T

= Computation of which block should be moved in and
out for a certain edge

= Generation of an ILP

= Decision about copy operations at compile time.

technische universitat = fakultat fir O p. marwedel,
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Dcache Hit Rate

Page In/Out
I
(=

Results for SNACK-pop (1)

20
19 [l:
0
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Results for SNACK-pop (2)

DCACHE mDSPM

based on number of accesses

DOZE+5PMIK | DD1K+5PMZK | DD.SK+5PM3EK | DO2E+5PMIE | DDTE+5PMZE | DD SK+5PMIK

based on data cache misses

| NCORE ZSDRAM HICACHE mTLB

© ACM, 2007
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Multi-processor ARM (MPARM) Framework

ARM ARM

ARM

ARM

SPM SPM

SPM

SPM

Interconnect (AMBA or STBus)

1l

Shared Main
Memory

1l

Interrupt
Device

Homogenous SMP ~ CELL processor
Processing Unit : ARM7T processor
Shared Coherent Main Memory
Private Memory: Scratchpad Memory

technische universitat ® fakultat for
dortmund informatik
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Application Example:
Multi-Processor Edge Detection

MA

Source Compute Processors Sink
RN

= Source, sink and n compute processors
= Each image is processed by an independent compute processor

« Communication overhead is minimized.

-tU technische universitat = fakultat fir O p. marwedel,
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Results:
Scratchpad Overlay for Edge Detection

2500 - B Energy (SO): 1 CP

W Energy (SO): 2 CP

2000 - /
/El Energy (SO): 3 CP
1500 Energy (SO): 4 CP
’._é; /I

1000 -

500 -

Total Energy Consumption

128 256 512 1024 2048 4096 8192 16384

Scratchpad Size per Processor (Bytes)

= 2 CPs are better than 1 CP, then energy consumption stabilizes
= Best scratchpad size: 4kB (1CP& 2CP) 8kB (3CP & 4CP)

-tU technische universitat = fakultat fir O p. marwedel, 12
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Results
DES-Encryption

70

50 -
40

Energy Consumption [pJ]

@ Energy Consumption [uJ]

30
20
10
0 - ‘ |
0 128 256 512 1k 2k 4K 8k 16k

Scratchpad Size [Bytes]

DES-Encryption: 4 processors: 2 Controllers+2 Compute Engines

Energy values from ST
Microelectronics

Result of ongoing cooperation between U. Bologna and U.

Dortmund supported by ARTIST2 network of excellence.

technische universitat
dortmund

" fakultat fur O p. marwedel,
informatik informatik 12, 2011

- 13 -




MPSoC with shared SPMs

)

Y
7))
O
=
w

V
w
e
=
'S

A
Core 1
Clock Circuitry | |< )
A
= Core 2
\
ASIC ==
; Core 3
> A
Remaining h
Circuitry Core 4
) _ \
-
Synhronization/Communication Logic
SoC

—VS-SPM

[M. Kandemir, I. Kadayif, A. Choudhary, J. Ramanujam, |. Kolcu: Compiler-Directed Scratch Pad Memory

Optimization for Embedded Multiprocessors, IEEE Trans. on VLSI, Vol. 12, 2004, pp. 281-286]
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Energy benefits despite large latencies
for remote SPMs

Percentage Reduction in Energy-Delay

DRAM: 80 cycles

30

25

20

15

Product

10

5

0

8

Remote SPM Latency (cycles)

12

16 20

—-3D

- dfe

—A— splat

U wave

tu
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Extensions

Jsing DRAM PhD thesis of
Applications to Flash memory - Lars
(copy code or execute In place): Wehmeyer

according to own experiments: very much parameter

dependent
Trying to imitate advantages of SPM with caches:

partitioned caches, etc.

technische universitat = fakultat fir O p. marwedel, 16
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Improving predictability for caches

Loop caches

Mapping code to less used part(s) of the index space
Cache locking/freezing

Changing the memory allocation for code or data

Mapping pieces of software to specific ways
Methods:

Generating appropriate way in software

Allocation of certain parts of the address space to a
specific way

Including way-identifiers in virtual to real-address
translation

“Caches behave almost like a scratch pad”

technische universitat = fakultat fir O p. marwedel,
dortmund informatik informatik 12, 2011
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Code Layout Transformations (1)

Execution counts based approach:
Sort the functions according to execution count
f,>f,>1,>f>1;

¢ (1100)

900
Place functions in decreasing order of execution (500)
counts

(400)

(2000)

(700)

[S. McFarling: Program optimization for instruction caches, 3rd International Conference on
Architecture Support for Programming Languages and Operating Systems (ASPLOS), 1989]

technische universitat = fakultat fir O p. marwedel,
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Code Layout Transformations (2)

Execution counts based approach: (2000)
Sort the functions according to execution counts
f,>f,>1,>f>1; (1100)
Place functions in decreasing order of execution
counts

Transformation increases spatial locality. (900)

Does not take in account calling order

- o
Cho (0 (400)

O

technische universitat = fakultat fir O p. marwedel,
dortmund informatik informatik 12, 2011

- 19 -




Code Layout Transformations (3)

Call-Graph Based Algorithm:
Create weighted call-graph.
Place functions according to weighted depth-first

traversal.
fp>1>1 >13>1;
Increases spatial locality.

(2000) fy

=> C 1.
Cho (0

QS @ [W. W. Hwu et al.: Achieving high instruction cache performance with an optimizing
compiler, 16th Annual International Symposium on Computer Architecture, 1989]

technische universitat = fakultat fir O p. marwedel, 20
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Code Layout Transformations (3)

Call-Graph Based Algorithm: (2000)
Create weighted call-graph.
Place functions according to weighted depth-first (900)
traversal.

fp>1>1 >13>1;
Increases spatial locality.

—Ch O (I

il

technische universitat = fakultat fir O p. marwedel,
dortmund informatik informatik 12, 2011
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Code Layout Transformations (4)

Call-Graph Based Algorithm:
Create weighted call-graph.
Place functions according to weighted depth-first (900)

(2000)

traversal.
f,>f,>f, >f;>1;
Increases spatial locality. (1100)

i o

technische universitat = fakultat fir O p. marwedel,
dortmund informatik informatik 12, 2011
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Code Layout Transformations (5)

Call-Graph Based Algorithm: (2000)
Create weighted call-graph.
Place functions according to weighted depth-first  9q0)

traversal.
fp>1>1 >13>1;
Increases spatial locality. (1100)

O (400)
Clo (D
A e

technische universitat = fakultat fir O p. marwedel,
dortmund informatik informatik 12, 2011
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Code Layout Transformations (6)

Call-Graph Based Algorithm: (2000)
Create weighted call-graph.
Place functions according to weighted depth-first

traversal. .
f,>f,>f, >, >1
Combined with placing frequently executed (1100)

traces at the top of the code space for functions.

Increases spatial locality.

(400)
o
Cho e 00

il

technische universitat = fakultat fir O p. marwedel,
dortmund informatik informatik 12, 2011
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Way prediction/selective direct mapping

el |

Timing order: | 1st step No activity_:
a: Conventional parallel access b: Sequential access
tag array data array tag array data array
E| [E = [E] &} =
= = =) = = S|l &
o e o5 o o o3 ‘e o5 | =
“‘é) < E .o E ~ - I é
=l & e | L=d L= &
(] = o
v + ¢ ¢ v * [T T
select way \select way v
e Ny
data data¢
c: Way-prediction d: Selective direct-mapping
tag array data array tag array data array
= — r= A — — r— T
a a Il = | o a a [ o o
= = || 2 & = = =1 =
= [N ] & oo od "0 o | o [ jub)
o S |IF S lees 5 = = [0 S lees S
1S = | = =
D>
v v [T iy v v [T |
hit? [ v hit? | v v

predict non-conflicting, ¢

¢ direct-mapping way #

data data
—H— (technische universitat 8 fakultéat far U p. marwedel,
% & dortmund | W informatik informatik 12, 2011

[M. D. Powell, A. Agarwal, T. N.
Vijaykumar, B. Falsafi, K. Roy:
Reducing Set-Associative Cache
Energy via Way-Prediction and
Selective Direct-Mapping, MICRO-
34, 2001]

© ACM - 25 -



Hardware organization for way prediction

Conflict prediction table D-cache
tag array data array evicted
Load inst block addr
PC g g o o L}
= g o =
< 1= E vee| =
o = < o
o|IERE
> v h?? address;count

v v

¢ YES: Perform parallel,
/ sequential, or

Conflicting Load? Way-predicted access

drive/mux

data

\NO: Perform Selective-DM access

Block conflicts?
Y: Place in SA position
N: Place in DM position

I

branch direction predictor

current
o)

roll back (rare) %
— increment PC | ——» Y Next
% |PC
_ p|retaddrstack | “» Toi-cache
branch target "
——»| buffer N
:| way >
prediction

FIGURE 3: Fetch and i-cache access mechanism.
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Results for the paper on way prediction (1)

System configuration parameters

Cache energy and
prediction overhead

Instruction issue &
decode bandwidth

8 issues per cycle

L1 I-Cache

16K, 4-way, 1
cycle

Base L1 D-Cache

16K, 4-way, 1 or 2
cycles, 2ports

L2 cache

1M, 8-way, 12
cycle latency

Memory access
latency

80 cycles+4
cycles per 8 bytes

Reorder buffer size | 64
LSQ size 32
Branch predictor 2-level hybrid

Energy component | Relative
energy

Parallel access 1.00

cache read (4 ways

read)

1 way read 0.21

Cache write 0.24

Tag array energy 0.06

(incl. in the above

numbers)

1024x4bit prediction | 0.007

table read/write

technische universitat

dortmund

® fakultat for
informatik

O p. marwedel,

informatik 12, 2011~ © ACM
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Results for the paper on way prediction (2)

y

[l Relative Energy-Delay M Performance Degradation

—
B~

Cache Rele'::t‘_'ive E-Dela
N

(-
(-
|
N
i
.
.
il
.
i

technische universitat = fakultat fir O p. marwedel,
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Results for the paper on way prediction (2)

- E: PC-based X: XOR-based
= [ Relative Energy-Delay B Performance Degradation (scale at far rig|
D? 0.6
2 o |-
w 04F - B - - - 1 A
I
& 0.2} i
2
&
o 00 nw Hn we HEx HE AN Ew
_EX
X
e
% 80 B B — o I
3 _ 1A moem He Sl e -
< - _ -
S 40+
%
3 u
1 H
g " | Q
» R & - » & N Q& &
S § D @‘3{‘ S ¢ & e§
technische universitat = fakultat fir O p. marwedel,
dortmund informatik informatik 12, 2011 © ACM
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Prefetching

Prefetch instructions load values into the cache
Pipeline not stalled for prefetching

Prefetching instructions introduced in ~1985-1995
Potentially, all miss latencies can be avoided
Disadvantages:

Increased # of instructions

Potential premature eviction of cache line

Potentially pre-loads lines that are never used
Steps

Determination of references requiring prefetches

Insertion of prefetches (early enough!)

[R. Allen, K. Kennedy: Optimizing Compilers for Modern Architectures, Morgan-Kaufman, 2002]

technische universitat = fakultat fir O p. marwedel,
dortmund informatik informatik 12, 2011
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Results for prefetching

3
25
a ] Not very impressive!
T - 2.08
il
R 1.82
g 172 :
- 1.64
15

MxM CFFT2D Cholsky Btrix Gmtry Emit Vpenta Tomcatv Ocean IS CG EP MG

Kernel

[Mowry, as cited by R. Allen & K. Kennedy]

technische universitat = fakultat fir O p. marwedel,
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Optimization for exploiting processor-memory
interface: Problem Definition (1)

XScale is stalled for 30% of time, but
each stall duration is small

Average stall duration = 4 cycles

Longest stall duration < 100 cycles

. i Processor Stall Durations
Break-even stall duration for profitable

switching

100

360 cycles

Maximum processor stall

< 100 cycles

Length of stall (cycles)

0 50000 100000 150000 200000 250000

NOT possible to switch the processor
to IDLE mode

Time (cycles)

[A. Shrivastava, E. Earlie, N. Dutt, A. Nicolau: Aggregating processor free time for energy reduction,
Intern. Conf. on Hardware/Software Codesign and System Synthesis (CODES/ISSS), 2005, pp. 154-159]

technische universitat = fakultat fir O p. marwedel, Based on slide by
dortmund informatik informatik 12, 2011 A. Shrivastava
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Optimization for exploiting processor-memory
interface: Problem Definition (2)

= CT (Computation Time): Time to execute an iteration of the loop,
assuming all data is present in the cache

» DT (Data Transfer Time): Time to transfer data required by an
iteration of a loop between cache and memory

Consider the execution of a memory-bound loop (DT > CT)
» Processor has to stall

for (int i=0; i<1000; i++)
c[i] = a[i] + bIi];

Processor Activity

Activity
Memory Bus Activity
Time Processor activity is dis-continuous
Memory activity is dis-continuous
technische universitat = fakultat fir O p. marwedel, Based on slide by A.

dortmund informatik informatik 12, 2011  Shrivastava - 33-



Optimization for exploiting processor-memory
Interface: Prefetching Solution

for (int i=0; i<1000; i++) . ] ™
prefetch a[i+4]; Eac
prefetch b[i+4]; Processor
prefetch c[i+4]; activity Memory Total
cfi] = afi] + b[i]; | | Perod activity is execution
’ increases continuous

time reduces

Processor Activity

Activity
Memory Bus Activity
Time
Processor activity is dis-continuous
Memory activity IS continuous
technische universitat = fakultat fir O p. marwedel, Based on slide by A. .34 -

dortmund , informatik informatik 12, 2011 Shrivastava



Memory hierarchy description languages:

ArchC

Consists of description of ISA and HW architecture
Extension of SystemC (can be generated from ArchC):

ARCH description

Including Memory |y

description ArchC

ISA description [—»| Pre-processor

|

GCC g—] SystemC Model

!

Executable =
R
Specification unning >

Performance

Numbers

[P. Viana, E. Barros, S. Rigo, R. Azevedo, G. Aradujo:
Exploring Memory Hierarchy with ArchC, 15th
Symposium on Computer Architecture and High
Performance Computing, 2003, pp. 2 — 9]

technische universitat ® fakultat for
dortmund informatik

Storage class structure

AC_STORAGE

AC_MEM

AC_REGBANK AC_REG AC_CACHE

O p. marwedel, 35
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Example: Description of a simple
cache-based architecture

AC ARCH (leon) {

ac_cache icache ("dm", 128, "wt")
ac_cache dcache ("2w", 64, 4, "wt", "lru")
ac_cache ul2cache ("dm", 4k, "wt")

Sparc V8

Leon processor ac_regbank RB:520;

ac reg PRS, Y, WIM;

ac_ pipe pipe = {IF, ID, EX, MEM, WB};

Data Cache
Level 1

Instr. Cache
Level 1

ARCH CTOR (leon) {

ac _isa("leon isa.ac");
Cache Level 2
L—l icache.bindTo ( ul2cache ); //Memory hierarchy

dcache .bindTo ( ul2cache ); //construction
¥
}i
-tU technische universitat " fakultat fur 0 p. marwedel, 36
dortmund informatik informatik 12, 2011 B B



Memory A ware Compilation and Simulation
Framework (for C_) MACC

| Application C code

Memory hierar%y
descripW

Profile report

/Source-level encc, ARM gcc, T)
q memory optimizer | |M5 DSP
Array partitioning | Compilation
SPM overlay Framework )

‘\

T

‘ Energy database |

X

)

‘ Executable binary

v

e

Memory simulator MPSoC
simulator
h Processor Profiler
S"A\rg‘:\'ﬁ/ol\;% Simulation
\( ) Framework

)

[M. Verma, L. Wehmeyer, R. Pyka, P. Marwedel, L. Benini: Compilation and Simulation Tool Chain for Memory Aware Energy
Optimizations, Workshop on Embedded Computer Systems: Architectures, Modeling, and Simulation (SAMOS V1), 2006].

technische universitat
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Memory architecture description @ MACCv2

Query can include address, time stamp, value, ...
Query can request energy, delay, stored values

Query processed along a chain of HW components, incl. busses, ports,
address translations etc., each adding delay & energy

API query to model
. . REQ _
simplifies / Energy= ? /
integration into / cyces=2 /
compiler ra
External XML
representation e
-IFETCH
- DRD
-DWR
- MAINAS
[R. Pyka et al.: Versatile System level / +1 - Energy / / +1 - Energy / / +10 - Energy /
Memory Description Approach for
embedded MPSoCs, University of 0 - Cvcl 2 3 Cvel 5 - Cvcl
Dortmund, Informatik 12, 2007] / ’ yees / / ’ yees / / ’ yees /

technische universitat = fakultat fir O p. marwedel, 38
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Controlling tool chain generation through an archit

Overall information flow

[P. Mishra, A.
Shrivastava, N. Dultt:
Architecture
description language
(ADL)-driven
software toolkit
generation for
architectural

Generic

VHDL
Models

'

Application
Programs

ecture
description language (ADL): EXPRESSION
Architecture Specification | ..o e e . . -
( English Document ) i
T |
: |
[ ADL Specification J : ?
Generic li‘
C++ : s
Models i o
I
Compiler Simulator : 2
Generator Generator S
)
13
I
I
i

exploration of

programmable SOCs,

ACM Trans. Des.
Autom. Electron.
Syst. (TODAES),
2006, pp. 626-658]

technische universitat -

dortmund

Feedback (Area, Power, Clock Frequency)

Hardware

Model

|
I

I

|

I

I

I

]

]

I

I

I

]

I

: HDL
: Generator
i

I

I

i

i

1

I

I

i

i

I
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Description of Memories

iIn EXPRESSION

Generic approach,

based on the analysis

of a wide range of
systems;

Used for verification.

technische universitat
dortmund

® fakultat for

informatik

(STORAGE_SECTION

(DatalL1
(TYPE DCACHE) (WORDSIZE 64)
(LINESIZE 8) (NUM_LINES 1024)
(ASSOCIATIVITY 2) (READ_LATENCY 1) ...
(REPLACEMENT_POLICY LRU)
(WRITE_POLICY WRITE_BACK)

)

(ScratchPad
(TYPE SRAM) (ADDRESS RANGE 0 4095) ....

)

(SB
(TYPE STREAM_BUFFER) .....
(InstL1
(TYPE ICACHE) .........
)
(L2
(TYPE DCACHE) .......
)
(MainMemory
(TYPE DRAM)
)
(Connect
(TYPE CONNECTIVITY)
(CONNECTIONS
(InstL1, L2) (DatalL1, SB) (SB, L2)
(L2, MainMemory)

)

O p. marwedel, 40
informatik 12, 2011 B -



EXPRESSION: results

140 -

—— Performance (Cycle count / 2000) -=- Energy (uJ)
120 /*\
100 / \ A

A . A
RAVARSE AV \

0 T T T T T T ] T T T T T ] T T T T T T T T T T T T T I
BN D O e & B S B 9 0 A A BN O A &H O 5 g W A H o O
N AN A SV A ALY 2O 2O &V . 9.8V 0. 9 0O V. EV .SV .SV @
IS NS SF PSS (JOKQ S F L SRS SIESESF @SS

Increasing order of cost (Area) —

Figure 4.11: Memory exploration results for GSR

hJ technische universitat " fakultat fur 0 p. marwedel,
dortmund informatik informatik 12, 2011
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Optimization for main memory
Exploiting burst mode of DRAM (1)

for(i=0;i<9i++){ <> =row decode (2 cycles)
E z E I ;H : E[[Ii]];: [ ] = column decode (1 cycle)
| | G = precharge (2 cycles)
(a) Sample code (k) Synchronous DRAM access primitives

OO EESD C OPEESS C_OoPEEsSS C OoeaEEsS
Cwnamic cycle count = 9 x (5 x 4) = 180 cycles
(c) Unoptimized schedule
Supported trafos:

fD;’"iiiiQ’;}ﬁ’i‘Ei+1] + x[i+2] + memory mapping,
yi] + yli+1] + y[i+2]; code reordering or
b =b+z[i] +z[i+1] + z[I+2]+ .
ufi] + ufi+1] + ufi+2]; |00p unrolllng

(d) Loop unrolled to allow burst mode

[P. Grun, N. Dutt, A. Nicolau: Memory aware compilation through accurate timing extraction, DAC, 2000, pp. 316 — 321]

technische universitat = fakultat fir O p. marwedel, 42
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Optimization for main memory
Exploiting burst mode of DRAM (2)

for(i=0; i<9:i+=3){

Timing extracted a=a+x[i]+x[i+1]+x[i+2]+
from EXPRESSION y[i]+y[i+1]+y[i+2];
model b=b+z[i]+z[i+1]+z[i+2]+

ufi]+uli+1]+u[i+2];}
(d) Loop unrolled to allow burst mode

ESC o000 S O000TT o009 TCTDHT o000

Dynamic behavior (dynamic cycle count = 3 x 28 = 84 cycles)

(e) Optimized code without accurate timing

2 bank SRR _———— A N S o099
ankKs
S0 09 S >0 0 ©
Dynamic cycle count = 3 x 20 = 60 cycles
(f) Optimized code with accurate timing Open circles of original
paper changed into closed
circles (column decodes).
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Memory hierarchies beyond main memory

= Massive datasets are being collected everywhere
= Storage management software is billion-$ industry

Examples (2002):
More New Information Over Next 2 Phone: AT&T 20TB phone call

Years Than in All Previous History database, wireless tracking
Consumer: WalMart 70TB

| database, buying patterns
,’ WEB: Web crawl of 200M pages
2002128

2003 24B

and 2000M links, Akamai stores

7 billion clicks per day
Geography: NASA satellites

generate 1.2TB per day

SHTIITVOID

2001 rBf

mtermet 1993
(DARPA)  Theweb

Sowrce: UC Berkeley
EMC Copyright 2001

[© Larse Arge, I/O-Algorithms, http://www.daimi.au.dk/~large/ioS07/]
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Example: LIDAR Terrain Data

COWI A/S (and others) is currently scanning Denmark

[© Larse Arge, I/O-Algorithms, http://www.daimi.au.dk/~large/ioS07/]
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Application Example: Flooding Prediction

<A SN

b

[© Larse Arge, I/O-Algorithms, http://www.daimi.au.dk/~large/ioS07/]
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