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Introduction

0 Embedded microprocessors

@ Used to be- low performance designs with non-
challenging design constraints

0 Recent requirements for embedded systems are
more aggressive, conflicting goals:
& Low Power
@ High Performance
& Small Size
@ Extremely Small Code Size
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Introduction

0 Use of VLIW architecture is a fast growing trend
in embedded world
@ TI's 320C6xx, Sun’s MAJC, Philips TriMedia TM-1000, etc

0 Thereasons are:
@ High performance (ILP) without as high a hardware cost
@ Less market pressure for cross-generation binary
compatibility
@ Often highly accurate profile information is available for
high quality static code scheduling
0 Familiar problems remain
@ Static code size
@ Sophisticated compiler technology
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Current Design process

0 One approach to the embedded systems design --
ASIC includes core processor with code placed in
ROM

0 If fixed machine language is used the design cycle
could be briefly outlined in following way:
Design cycle Embedded System

| _ : : PLA | [Execution
_'> Compiler = ASM _‘M Decoder[ | Core

........................................................

Fixed Machine Language
Description

Tom Conte, NC Sate University  conte@ncsu.edu  http://www.tinker.ncsu.edu CCODE-5

Embedded Systems architecture

0 As aresult we will have the following structure:
& Very flexible design
@ Short design cycle
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Embedded Systems architecture

0 But there are some problems with this
solution

@ For somewhat complicated design the size of the
ROM is large

@ As aresult ROM could not be placed ON in same
package as core

O Power consumption increase
0 Performance suffers
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Proposed alternative design process

0 Since a PLA is used for decoding instructions,
we can picture the following system:

Design cycle Embedded System
E . i /executable E ROM Custom Execution
_:> Compller |- ASM _:‘_:> smaller| ] Dei';ﬁﬂ* Core
P E | E
1
|
|
| I > Custom

" | Machine Language Description
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Embedded systems architecture

0 Can automate the decoder customization using
the VLIW compiler

; i e—
i
i Special-
; Core (VLIW) @ purpose
i microprocessor 3 function
VLIW Compiler || ________ [ | »| PLA Decoder 2 units !
generates custom +£.2 i < :
decoder and encoding “\,; processor local bus :
FERE N 3
i A i
i On-chip Code :
! memory ROM i
i
i ASIC |
! {
L UL LS LD PSSR IU USSP SRSt i
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Intermediate code:
PlayDoh semantics
CFG-based

Jointly developed by:
Prof. Tom Conte
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TINKER ISA for
Compressed Operation Encoding

0 TINKER architecture and ISA:

& Based on HP Labs PlayDoh architecture specification
[Kathail/Schlansker/Rau 94], a major influence for IA-64

& The TINKER ISA is a superset of the HP PlayDoh specification
@ 40 bit encoding EPIC style extension for this study

0 TINKER ISA is a memory efficient encoding
@ it does not hold NOPs (zero-NOP encoding)

0 Tinker ISA is expandable and backward compatible

@ well suited for future hardware expansion, direct binary
rescheduling [Conte/Sathaye-95] and dynamic optimization
[Sathaye-98]
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TINKER ISA for
Compressed Operation Encoding

0 Operation (OP) structure

@ Separate Op is always viewed as a part of a VLIW Multi Op
(MOP)

@ Designed for easy compression/expansion
@ ... and ‘non-aligned’ memory layout

0 MultiOp (MOP) structure

¢ MOP consist of several conventional Ops according to the
target machine specification

@ All Ops in a MOP are independent and must be issued in
same cycle (VLIW requirement)
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Integer ALU Operation

11 2 5 5 5 2 8 5 1 5
[T]s|opr|orcopE | sc1 | sc2 | BHWX | Literalextension | Dest [ L1 PREDICATE]
Integer Compare-to-Predicate Operation

112 5 5 5 2 3 5 5 1 5

[T] slopt|opcopE| sre1 | sc2 | BHWx | D1] Literal Extension | pest [L1|PREDICATE]
Integer Load | mmediate Operation

112 5 20 5 1. 5
[ ] s|opT | oPcopE Srct (literal) | pest | L1 PrEDICATE]
Floating Point Operation

112 5 5 5 1 6 3 5 1 5

[T] slopt|opcopE| sc1 | sc2 | p| Literal Extension [ tss/u| Dest [L1] PREDICATE]
Load Operation

112 5 5 2 2 1 2 3 5 5 1 5

[T] slopr|orcopE| src1 | BHwx |scs|Res| Tcs|  Res | La| Dest | RebPREDICATH

Store Operation
11 2 5 5 5 2 2 11 1 5

[1] slopT|orcopE| st | sz | BHWx | TS| Displacementishort Addr | L1 PREDICATH
Branch Operation

11 2 5 5 5 16 5
[ 1] slopr|orcope| src1 | counter] Branch offset PREDICATE|
0 39
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TINKER ISA for

Zero-NOP operation encoding

0 Example of a MOP layout in memory
& for an 8-wide VLIW machine

Traditional encoding Total 960 bit, 560 bit are in NOPs
0 nop nop Op A2 nop Op_A_4 nop nop nop
8 Op_B_O nop Op_B_ 2 nop nop Op. B 5 Op_B_6 nop
16 Op.CoO nop Op_C 2 nop Op_C 4 nop nop OpC7

TINKER Zer o-NOP encoding

: [ - OpType

0 |oi Op_A_2 11 Op A4 Total 400 bit, O bit are in NOPs
! ! ' T

2 05 Op.B O 05 Op.B 2 05 OpB5 15 Op. B 6
| | | |

6 05 Op.CO 05 Op.C2 05 Op.C4 15 OpC7
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Compressed Encoding

0 Zero-NOP encoding alone cannot solve the ROM
size problem
@ Only reduces VLIW overhead

0 Several researchers have proposed various
ways to compress code for RISC-based systems
& Code is uncompressed prior to execution

0 This work proposes a combined approach for
VLIW embedded systems
@ Exploit the compiler’s role
@ Allow compressed code to be cached

@ Not only reduce ROM size, but increase in Ifetch
effectiveness as well
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Previous Research

0 Wolfe [Wolfe et al. 92,94] proposed ways to
execute compressed program on an embedded
RISC architecture

4 One common histogram was used for all benchmarks
@ No caching of compressed code

0 Several Industrial solutions include:

@ IBM CodePack - uses adopted Huffman algorithm but in
rather different way from the current work
¢ no caching of compressed code
4 Both ARM Thumb and SGI MIPS16 provide a special

subset of the original ISA which in turn reduces their
strength and ultimately increases the Op count
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Previous Research

00 Cooper and Mcintosh [Cooper, McIintosh 99]
reorganized code at the assembly level via
suffix-tree code compression

@ Only modest gains achieved ~20%

0 Similar to that, a number of studies [Fraser
97,99] consider elaborate compression
algorithms on assembly level

@ Goal is smaller image size

0 Work by Liao [Liao et al. 95] also on assembly
level achieves significant code size reduction by
increasing number of branches and slight
increase in Op count

# Itis in fact complementary to our work
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Present work

O

O o o o o

Given an individual operation there are two ways to reduce
its size
& Compress it (e.g, Huffman compression) based on frequency of this
instruction or its elements in the static code

& Create unique tailored encoding for this operation based on amount
of resources used by it

& Both done on the lowest level: ISA and combine software and
hardware decisions

& Custom approach to each application results in near optimal results
Code is kept compressed in the ICache
Integrated Branch Prediction with branch target resolution
Modified VLIW Icache architectures
The use of PLA to implement customized decoder

Branch targets change
& Solution: special hardware is added to remap targets
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Compression

Compression can be performed in number ways

In this study we used various adaptations of the
Huffman encoding algorithm
@ Byte Based - single byte is considered as an alphabet entry

@ Stream Based - variable length chunks of ops are
compressed separately

@ Full Op Based - the whole Op is an alphabet entry
0 Since the whole code segment is statically

available, Huffman gives near theoretically
optimal results
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Compression

0 Byte based Huffman is the very traditional approach

0 Stream based approach exploits higher
repetitiveness of certain fields in operations:

Integer ALU Operation

i 11 2 5 i 6 6 2 i 7 6 1 i 4 i
T|S |OPT |OPCODE Srcl Src2 BHWX Literal Extension Dest L1 PREDICATE]
10 | : : 39,
Elnteqer Compare-to-Pre(.jicate Operation ; ; ;
; 11 2 5 E 6 6 2 ; 3 4 6 1 ; 4 ;

T| S|OPT | OPCODE Srcl Src2 BHWX { D1 Lit. extension Dest | L1{ PREDICATE]
0

39

'
'
'
'
'

Stream O Stream 1 Stream 2 Stream 3
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Tailored encoding

O Tailored encoding does not COMPRESS Ops, but rather

creates new encoding for them
¢ To enhance its effectiveness, the compiler forces long literals into
separate ‘Load Immediate’ ops

Original ADD Operation and its Custom Encoded equivalent

11 2 5 6 6 2 7 6 1 4
T|S |OPT |OPCODE Srcl Src2 BHWX Literal Extension Dest L1| PREDICATE]|
0
1 2 5 6 6 2 5 1 S
|T| OPT |OPCODE| Srcl | Src2 | BHWX| Dest | L1
0 27
Original PBRA Operation and its Custom Encoded version
11 2 5 6 4 5 6 6 1 4
T|S |OPT |OPCODE Srcl Src2 Br Delay Service Dest | L1 PREDICATE
0 39
1 2 5 4 1 1 2
OPT |OPCODE| Srcl Src 2 Br Delay Dest
0 15
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0 Degree of compression:
4 without branch remapping table overhead
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Decoder Generation

0 The Compiler automatically generates:
4 Suitable compression method ...
4 ... and hardware description of the decoder in Verilog

0 The Verilog code is than synthesized with Synopsys:
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Decoder Complexity Estimation

0 To estimate Decoder complexity we do not have to
synthesize all possible configurations

& If Muxes are interpreted as TG logic (4/2 Trans/Mux) then the worst
case number of elements is: 2m(2" -1)+ 4m(2" - 2("1) - 1) + 2n

Huffman Code: 0 0 0 ==>n hits

Original Tree:

Decoded word: =>m

— 0
— O
— 1

B:
D: 1000 C: 0100

o
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Decoder Complexity Estimation

0 From the evaluation of the Decoder Complexity we
can draw a number of interesting conclusions...
@ The best compression is not necessarily is the best choice
& Decompression time might dictate total cycle time

e e e
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Decoder Synthesis

0 Actual Decoders synthesized for the Byte based
Huffman code
@ actual decoder size is only 1-10% of the estimated worst case

2ot Bt Dnmarrs B P Holfman_Bplr

e " R

1]
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Integral design of Instruction
Fetch

1 Code size reduction methods must also
consider the microarchitecture of the
system

# the critical step for executing compressed Ops is
quick decompression

@ Since ICache is kept compressed, it must be re-
designed

@ The address space conversion between the
Compressed and the Uncompressed spaces is done
by special hardware which is also used for branch
prediction
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ICache design

0 An atomic IFetch unit — a Basic Block :
& The beginning of the block is byte aligned in memory
@ A procedure call is a basic block boundary
@ Entire block is executed once first op is fetched

Operation boundary is

\ l Randomly Placed

At most 7 bits padding
for Byte Aligned

BB.L | { A {....}-VLIW' [_/
B} MultiOp Boundaries
\\4 \4 L \
BB 2 | {C BB 9:| { X ) )
D} Y} Atomic Fetch Unit
{E {2} inthis caseit isthe BB_2
'(:3 } L Alignment Boundaries
(Byte Align)
v
a) Original DAG b) Compressed Memory layout
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ICache design (cont.)

0 The use of alarger region (e.g, hyperblocks or
treegions) is also possible
@ It is only matter of performance, not correctness
0 Intelligent code layout can be performed to
further increase performance
@ Reserved as future work

0 If both are done, fewer points of address
conversion will be needed
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ICache design — The ATB

0 To solve the branch target mapping problem,
introduce a special hardware buffer (Address
Translation Buffer - ATB), similar to TLB, which
maps compressed address space into the
uncompressed one

@ Used also by CodePack and by Wolfe

0 Each ATB entry holds a pair of addresses for each
branch target: original (uncompressed) and its new
location in compressed space

@ Also holds additional information that helps decompression

# ATB has a small number of entries (e.g., 32) and holds current
working set of entries

@ Full list of entries (one for each BB in the code) is stored in
Address Translation Table (ATT)in compressed form along with
the rest of the code
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ATB

0 Since the atomic unit of cache transfer is a BB,
the number of entries for ATT is tolerable

The ATB miss ratio is very low (<1%)

Besides the main function of address
translation, the ATB assists in decompression
and branch prediction
@ Since last operation of a BB by definition is a branch, a
prediction hardware is associated with each ATB line

@ A two-bit counter is used to predict branch outcome
O More complex predictors are possible

& Last taken address is preserved to predict the target
¢ call-return stacks, etc., could also be included
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Compression including ATT

0 When the size of ATT is added to the code we
have the following:

]

17 ol g e f

5 ol gl
v .

T n

Tom Conte, NC Sate University  conte@ncsu.edu  http://www.tinker.ncsu.edu CCODE-32




Effect of multi-way branching on
ATT size

00 One MOP is allowed to have multiple branch
instructions in PlayDoh/TINKER
@ Original compiler did not support this, but has since been
upgraded
0 Compiler conducted aggressive speculation
during scheduling

@ leaf basic blocks of Treegions lost all their ‘real’
instructions and were left with only branches

@ Since those blocks still supposed to have entry in the ATT
the size of this table was kept unnecessary large
0 Once multi-way branches was implemented

@ Most blocks with only a branch operation were combined in
a single block, which significantly (up to 45%) reduced the
size of the ATT table
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Compression including ATT after
multi-way branch optimization

0 New results for the total size - 10% reduction

Todel B

L TTRr T e io
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ICache (cont.)

0 Banked Cache for Zero-Nop encoded TINKER
architecture [Conte, et al., MICRO-29]

Tag Tag Bank 1 g
tagC || [c]d [e] 1
e tagX tagX’fl | X | vy z 8
Current é &
pc P & o
=
2
o
NextBr
Target l Y
Prediction v 4 v 4
=———p|NextPC Logi¢ll =? f'l ¢ X
Mop Select [
NextPC Op >elec c d e n
and Expand| | | | OP 1 9 v
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ICache (cont.)
0 For Tailor encoding — ATB added to NextPC logic

ATB Buffer ROM

Addr| BrPred| Serv. Info

c| X | 5ops

- 6 Unit wide machine

- AB, CDEFG, XYZ are MOPs

- Fetching CDEFG

- AMOP guaranteed to fit in
two cache lines

8 —t

{3
Offset,bank
Pipeline Stages

e () TRl
NextPC [ e[ d]e Jmo] T o
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ICache (cont.)

0 For compression, ICache with a fully-associative
uncompression buffer and ATB

Memory (ROM)
122
123
124

ATB Banked Cache
a
Original (Compressed | Br |Br
address | address | SeVice| Pred. [Target|| |tagX | [
3216 122 20ps | taken| 3404
3232 123 50ps | Ntkn | 3420
m v v v v o
NextPC L = I [
Current l = o9¢ . 4
PC v 18
NextPC 2
Huffman Decoder/Uncompressor \ i
T
FABufe [“c d] e] 1 & |
Processor Pipeline I
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IFetch Performance

0 The Instructions-Delivered-Per-Cycle metric
& 6 OP wide MOP, Icache is 16KB, 2-way SA
& Base- Uncompressed, Compressed- Huffman-Full, Ideal- perfect Icache

Wi
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Bus Transaction Density

0 Change in bus power due to ICache miss

@ Fewer misses and transfer of compressed blocks reduce the
number of bit flips on bus, but entropy is higher than
uncompressed

-

1l
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Conclusions

0 Instruction fetch must be factored into the
decision

0 Compiler can play a significant role

0 Comparing schemes
& Tailored-

¢ Simplicity of decoding results in better Ifetch performance
O Smaller hardware for decoding
¢ Compressed-

¢ Huffman-Full — Best compression, unreasonably large decoder (but a
synthesized decoder may be tolerable)

¢ Huffman-Streams — Poor Ifetch performance, large decoder size
¢ Huffman-Byte — Small compression ratio, modest decoder size

0 Future work:

& Compiler optimizations impact on compression (e.g., [Liao
et al. 95])

& Different atomic units for ATT/ATB
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