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What Went' Wrong with early ‘approaches to
designautomation ?

Too much emphasis on incremental work on algorithms and
point tools

Unrealistic assumption on component capability,
architectures, timing, etc

Lack of quality-measurement from the low level

Too many promises on fully automated system (silicon
compiler??)
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. Architectural -level synthesis
motivation

¢ Raise input abstraction level.
1. Reduce specification of details.
2. Extend designer base.
3. Self-documenting design specifications.
4. Ease modifications and extensions.

¢ Reduce design time.

¢ Explore and optimize macroscopic structure:
i Series/parallel execution of operations.

Design Space Exploration

We consider here
totally different
architectures

Aejaqg

Area
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Architectural Synthesis Problem

¢ Specification
s An Intermediate representation
s A set of functional resources
s characterized by area and execution delay
¢ Constraints
¢ Objective
¢ Output:

s Data-path + controller

¢ Tasks
s Place operations in time and space
s Determine detailed interconnection and control

¢ Constraints include: area, cycle time, latency, and throughput.
Area: number of modules/resources available or size of your silicon die.
Cycle time: how fast your clock runs

Latency: number of cycles for input data to result in a solution or result.

Throughput: Amount of data that can be processed in a given amount of time (usually
involves pipelining)

o o o o

Architectural 'synthesis output

¢ Data-path:

i Functional resources: Perform operations on data (arithmetic and
logic blocks).

i Memory resources: Store data (memory and registers).

i Interconnection resources: (muxes, busses and ports).
¢ Controller:

s Finite state machine (FSM)

s Controller + microprogram

s Sinchronization scheme (e.g. global clock singol phase with
master-slave registers)
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Objective: function

Main goals in classical approach
1. Minimum area
s Functional units, registers, memory, interconnect
2. Maximum speed
s latency in clock cycles
s cycle time
s throughput
Generally one parameter is set as a constrained
and the other one is optimized

ez More sophisticated Objective functions for
WYY high-level and system design

Additional goals in modern approaches
¢ More accurate estimation, such as

s Size of operands

s Sharing of hardware for similar operations (e.g. + and -)
¢ Testability
¢ Low power

A Power down, clock disabling

¢ Reliability

A Fault tolerance, self -test
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Stages of architectural -level synthesis

1+ Translate HDL modelsinto IR (Intermediate
Representation)

. Behavioral -level optimization:

1. Optimize abstract models independently from the
implementation parameters .
.. Architectural:! synthesis and optimization:
1. Create macroscopic structure :
A data-path and control-unit.

2. Considerarea and delay information of the
implementation. (on the global level)

Example of HDL description of
architecture

read (x, Yy, u, dx, a);
repeat {
Xl =X+ dx;
ul=u-@B*x*u * dx)- (3*y*dx);
yl =y +u*dx;
c=x<g;
x=xl;u=ul;y=yl
}
until (¢);
write (y);
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Example of structures to implement
this architecture
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. control and
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Different architectures - vs differentdesign

bus di bus di
sinistra destra
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busris.
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¢ X<z a+tb (100 nsec)
¢ Y<=0CX (100 nsec)

200 ns

bus di sin.

LIR

bus di destra

ALU

i N
¢ LIR <=a; RIR <=b;

(50 nsec)

¢ X, RIR<=LIR+RIR; LIR¢z= (50 nsec)

¢ Y<4IRR
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Functional resources

. Standard resources:
s Existing macro-cells.
s Well characterized (area/delay).
i Example: adders, multipliers, ...

».  Application-specific resources:
s  Circuits for specific tasks.
s Yetto be synthesized.
s Example: instruction decoder.

Resources andapplication domains

¢ Resourcedominated applications.

i Area and performance depend on few, well-characterized blocks.
s Example: DSP circuits.

¢ Non resource-dominated circuits.

i Area and performance are strongly influenced by sparse logic,
control and wiring.

s Example: some ASIC circuits.
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Examples: target architectures

<] = multiplexer input
@ = tristate bus driver

one or more bhuses

registers
and/or { |$|

register
files

one or
more
FUs

Unit

bus-based

Control 7 .V.”V" )

Address bus

Data bus

MEM

mux-based
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Details of control 'signals
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Register; a) RTL level b) with control signal
details

controls:
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Reg_El

Enable Input

Enable Output
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The role of tri -state signals

i
enable
In1 3 In2 ) In3 3 o]
N J
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g | g I | g
Tri -state signals in buses instead of multiplexing
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Clock
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v \
Regl Reg2 Reg3
0 MUX N n
1 ﬁL)
2
01 2
Reg3_EO
Reg2_EO
Regl_EO
Clock
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More on target architectures

¢ Target architectures is influenced also by:
s clocking strategy: single or multi phase clock
s clocking of functional units:

A
A
A

Multi-cycle operations;
chaining;
pipelined units.

-21-

I modelli per la sintesi ad alto livello

(cont.)

¢ FSMtypes:
1. Autonomous
2. State based
3. Transition based
4. Machineswith datapath
s.  Communicating machines

state -based
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Finite state-machines. (cont.)

¢ FSM withdatapath (FSMD
s set of storage variables VAR
s set of expressions EXP={x,y,z,...)| xy.z... /| VAR}
s setof assignments ASG:{X=e | X / VAR e / EXP
s Set of status variables STAE{(a,b)| ab / EXP}
¢ An FSMD is defined by the following tuple
s <S,ICB,OCA,DL>
¢ Wwhere S, D, L are the standard set of states, the output
function and the next state function:
s B = set of some status variables (B/ STAT
s A= set of storage variable assignments (A/ ASQ

-23-

Variants of simple FSMD
architectures

Controlling
control /activation pulses > Datal
> Path >
<] S —
Controlling
control /activation pulses Data
> Path
—> —>
< Status signals <
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+ Variants of simple FSMD
architectures

control

Controlling
/activation pulses

Instructions

»

| Data
Path

Kk

€

Status signals

FSM with Data Path (FSMD)

Interactive FSMDs

7 T
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HLS: Basic'Concepts

4/18/08 27 Prof. Hilfinger CS 164 Lecture 34

Why use intermediate
representations?

1. Software engineering principle
s  break compiler into manageable pieces
. Simplifies retargeting to new host
s isolates back end from front end
s Simplifies support for multiple languages
s different languages can share IR and back end
. Enables machine-independent optimization
s  general techniques, multiple passes

© Oscar Nierstrasz 28 Intermediate Representation

Pag. 14

14



Kinds of IR

¢ Abstract syntax trees (AST)

¢ Linear operator form of tree (e.g., postfix notation)
¢ Directed acyclic graphs (DAG)

¢ Control flow graphs (CFG)

¢ Program dependence graphs (PDG)

¢ Static single assignment form (SSA)

¢ 3-address code

¢ Hybrid combinations

© Oscar Nierstrasz 29 Intermediate Representation

Definition. Basic Blocks

¢ Abasic block is a maximal sequence of instructions with:
s ho labels (except at the first instruction), and
3 ho jumps (except in the last instruction)
¢ ldea:
s Cannot jump in a basic block (except at beginning)
s Cannot jump out of a basic block (except at end)

s Each instruction in a basic block is executed after all the
preceding instructions have been executed

4/18/08 30 Prof. Hilfinger CS 164 Lecture 34
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Basic Block Example

¢ Consider the basic block

1. L:

2. t:i=2*x

3. wi=t+X

4. if w > 0 goto L©O

¢ No way for (3) to be executed without (2) having been
executed right before
s We can change (3)tow := 3 * x
s Can we eliminate (2) as well?

4/18/08 31 Prof. Hilfinger CS 164 Lecture 34

Identifying Basic Blocks

¢ Input: sequence of instructions instr(i)
s ldentify leaders. Leaders are:
A The entry point of the function
A Any instruction that is a target of a branch
A Any instruction following a (conditional or unconditional ) branch

s Iterate: add subsequent instructions to basic block until we reach
another leader

32

Pag. 16
16



Basic Block Example

Leaders

Basic blocks

10

11

33

Control-Flow Graphs

¢ Control -flow graph :

s Node: an instruction or sequence of instructions (a basic block)

A Two instructions i, j in same basic block
iff execution of i guarantees execution of |

s Directed edge: potential flow of control
s Distinguished start node Entry
A First instruction in program

34
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Control-Flow Edges

¢ Basic blocks = nodes
¢ Edges:

s Add directed edge between B1 and B2 if:

A BRANCH from last statement of B1 to first statement of B2 (B2 is a
leader), or

A B2 immediately follows B1 in program order and B1 does NOT end
with unconditional branch (goto)

35

Dominator

¢ Defn: Dominator d Given a CFG(V, E, Entry, Exit), a node
x dominates a node vy, if every path from the Entry block
to y contains x

¢ 3 properties of dominators
s Each BB dominates itself
s If x dominates y, and y dominates z, then x dominates z

s If x dominates z and y dominates z, then either x dominates y or
y dominates x

¢ Intuition

s Given some BB, which blocks are guaranteed to have executed
prior to executing the BB

s Propagate values from dominators to subsequent blocks because
values always generated when you need them

Pag. 18
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Natural loops

¢ Cycle suitable for optimization
s Discuss opti later
¢ 2 properties
3 Single entry point called the header
A Header dominates all blocks in the loop

s Must be one way to iterate the loop (ie at least 1 path back to
the header from within the loop) called a backedge

¢ Backedge detection
s Edge, XA y where the target (y) dominates the source (x)
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Loop detection

¢ Identify all backedges using Dom info

¢ Each backedge (xA y) defines a loop
s Loop header is the backedge target (y)
s Loop BBdbasic blocks that comprise the loop

A All predecessor blocks of x for which control can reach x without
going through y are in the loop

¢ Merge loops with the same header
s l.e., aloop with 2 continues
s LoopBackedge = LoopBackedgel + LoopBackedge?2
s LoopBB = LoopBB1 + LoopBB2
¢ Important property
s Header dominates all LoopBB

Static Single Assignment Form

¢ Goal: simplify procedure -global optimizations

¢ Definition:

Program is in SSA form if every variable
is only assigned once

Pag. 20
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SSA

Why Static ?

¢ Why Static?
3 We only look at the static program
3 One assignment per variable in the program

¢ At runtime variables are assigned multiple times!

© Marcus Denker o

SSA

Example: Sequence

¢ Easy to do for sequential programs:

Original SSA

© Marcus Denker 42
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SSA

Example: Condition

¢ Conditions: what to do on control -flow merge?

Original

© Marcus Denker 43

SSA

Solution: F-Function

¢ Conditions: what to do on control -flow merge?

Original

© Marcus Denker 44
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g The F-Function

¢ F-functions are always at the beginning of a basic block
¢ Select between values depending on control -flow
¢ a,:= F(a,é a): the block has k preceding blocks

PHHunctions are all evaluated simultaneously.

) SSA-and CEG

¢ SSA is normally done for control-flow graphs (CFG)

¢ Basic blocks are in 3-address form

Pag. 23
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SSA

Repeat: Control flow graph

¢ A CFG modelstransfer of control

in a program

s hodes are basic blocks (straight -line blocks of code)

s edges represent controlflow (| oop s,

if x =y then
S1

else
S2

end

S3

s1

ST

© Marcus Denker

SSA

X=y?

i flelse,

true w\e

s2

s3

SSA:a Simple Example

— T

=2 a2

=2

N~

a3 := PHl(a1,a2)
...ad ..

© Marcus Denker
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3-address code

¢ Statements take the form: x =y op z
s single operator and at most three names

> Advantages:
0 compact form

X1 2%y —

tl=2*y
12=x T 1l

d names for intermediate values

© Oscar Nierstrasz

49

Typical 3-address codes

Intermediate Representation

X=yopz
. X=opy
assignments -
x = y[i]
X=y
branches goto L

conditional branches

if X relop y goto L

procedure calls

param X
param y
callp

address and pointer assignments

X =&y
*y:Z

© Oscar Nierstrasz

50
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Data flow graphs

¢ Behavioral views of architectural models.
¢ Useful to represent data-paths.
¢ Each basic block have a data flow graph associated with it

¢ Graph:
i Vertices = operations.
s Edges = dependencies.

Data Flow Graph (cont.)

¢ Used to model data dependencies in the code

¢ Four types of data dependencies
s Flow or read-after -write
s Anti or write -after -read
s Output or write -after -write
s Input orread-after -read
¢ Input dependencies does not affect scheduling

¢ Anti and Output dependencies can be removed by
register renaming technique

¢ So, DFG is used to model only RAW dependencies

12/09/2008 52 Parallelism Extraction Methods for High Level
Synthesis
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Dataflow graph Example

Xl =x + dx
ul=u-@*x*u*dx) - (3*y*dx)
yl=y + u*dx

c=xl<a

Example of Data Flow Graph
continued

Xl =x + dx

ul=u - (3*x*u*dx)
- (8*y*dx)

yl=y +u*dx

c=xl<a

vl -]
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) CDFEG:control data flow graph

{

-
—
—
—
—
—
—
— -
—

Data Flow Graph

Control Flow Graph

7)) CDFEG Example

1:t=a+b; BBO
2:u=ai b;

3:if(a<b) BBl
4. v=t+c, BB2

else ) o
{

5. W=uU+cgR3
6: v=wid;

}

7:x=v+e;, BB4
8:y=vVIi g

56
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Hierarchical Task Graph (HTG)

¢ Maintains the hierarchical structuring of the design such

as if-then-else

¢ Helps in coarse grain code restructuring

blocks and loops

¢ Helps in implementing global code motion techniques

like trailblazing

57
HTG Example
I Design HTG | Htg0
lt=a+b; BBO 7 it i Ml Beo
. M (start
2:u=al b, ‘ ,-.2Noc?e)

- BB1 § HTG. /| oS Htg2
3:if(a<b) If HTGHtga Hitg2 TR g
4. v=t+c, BB2 : ‘

i AN |
?lse # Hga T F Htgs BBth““TL—‘*E::i;Q%Ba
T
5. W=uU+cBR3 - )8
6: v=wid; A /8B4
HtgG| . ‘ fi
} Htg7 BBS
7:x=v+e; BB4
8:y=vi e
58
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What PDGs and SDGs are

¢ PDGs (Program Dependency Graphs) are the starting point: they
represent a single procedure
¢ A PDGs is a directed graph
s Its nodes represent:
A Statements
A Predicates (loop/control conditions)
s Its edges represent:
A Data dependencies
A Control dependencies
¢ A SDG (System Dependency Graph) is a collection of PDGs
connected by call and parameter edges
¢ System Dependency Graphs:
s Abstract code representation
s Explicit representation of all dependencies between statements
s Easy detection of parallelizable code

Control dependencies

¢ Intuition:

s Node Ais control dependent on node B if B may change whether A
is executed or not

¢ Formal definition (Ferrante etal.) :
s Yis control dependenton Xiff:

A There exists a path P from X to Y in the CFG with any node Z in P post -
dominated by Y

A Xisnot post-dominated by Y
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CD- postdominance

¢ A node V in the Control -Flow Graph (CFG) is post
dominated by W if every path from V to the STOP node
contains W.

¢ Example: CFG and postdominance tree

& T

Data Dependencies

¢ Data Dependencies in a PDG are basically of three kinds:
s True dependencies: true data -flow dependencies (aka RAW)
s Output dependencies: between two subsequent definitions of
the same item (aka WAW)
s Anti-dependencies: between a use of an item and a subsequent
write (aka WAR)
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PDG construction:; overview

Control Dependencies

Build the Post- Build the

Dominator Tree Control-

Algorithms: = Dependence
Input: * Lengauer-Tarjan Subgraph
- . Iégratimgtt‘ajg. Algarithm: -]
ooper’ -
Control-Flow | —] i “remnesta. | |~ | Merge DDG

Graph and CDS

(with definition

and use .
information) \ Data Dependencies / Output: PDG

A Byild the Data- ||

Dependence
Graph (DDG)
Already implemented in
arecent patch to goe

CFGvs CDG(Ferrante + Girkar & Polychronopoulos)

IF node
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ENTRY
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Transformations Technigques and
High-level Synthesis

¢ Techniques like
s loop pipelining,
s dynamic renaming,
3 Ccopy propagation,
3 common subexpressionelimination,
s Speculative code motion,
s dynamic loop unrolling,

¢ form the base of dependency removal
s This in turn provides more opportunities for parallelism

66
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Transformations techniques

Specification:
while (k < 10)
sum += ++k

while (k < 10)
sum += ++k

k<10 - (k < 10)

sum =sum

Resource Allocation:

Y

Read After Write
dependency

Loop Pipelining:

sum Fsum + k

t=k+1

67

Transformations techniques

Specification:

Copy

while (k < 10) Propagation:
sum += ++k
k<10 - (k<10) Resource Allocation:
QU )
sum =sum Read After Write
dependency
68
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Transformations techniques

Specification:

while (k < 10)
sum += ++k

k<10 - (k < 10)

sum =sum

Resource Allocation:

Y

Read After Write
dependency

Scheduling:

69

Transformations vs scheduling

Specification:

Scheduling:

while (k < 10)
sum += ++k
k<10 - (k<10) Resource Allocation:
QLS )
sum =sum Read After Write sum =sum +t
dependency k=t
t=t+1
70
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Code Motion Techniques

¢ Speculative movement
of blocks of code
beyond/through /into
the basic blocks

¢ Helps in maximizing
s Parallelism extraction
s Resource utilization

¢ Four types

Speculation

Reverse Speculation
Conditional Speculation

Across hierarchical
blocks

o o Ox Ox

71

Conditional Speculation Example

AScenario: Three
scheduling steps to
complete the operations
AResources available:
Two adders, One
multiplier,

Ariming Constraints:
One cycle each for
adder and multiplier
AGoal: Reduce the
scheduling steps within
the given constraints

72
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