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Metodologie di progetto HW
Performance optimization

Timing Analysis

Timing Optimization

Last update: 16/03/09
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Timing Analysis - Delay Models

 Simple model 1:

Ak = arrival time = max(A1,A2,A3) + Dk

Dk is the delay at node k, parameterized according to function fk and fanout 
node k

 Simple model 2:

Dk

A1
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A3

Ak

A1
A2

A3

Ak 0

A1 A2
A3

Ak

Dk1 Dk2
Dk3

 Can also have different times for rise time and fall time

Ak = max{A1+Dk1, A2+Dk2,A3+Dk3}
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Static delay analysis

// level of PI nodes initialized to 0, 

// the others are set to -1. 

// Invoke LEVEL from PO 

Algorithm LEVEL(k) { // levelize nodes

if( k.level != -1) 

return(k.level)

else

k.level = 1+max{LEVEL(ki)|ki fanin(k)}

return(k.level) 

}

// Compute arrival times:

// Given arrival times on PI’s 

Algorithm ARRIVAL() {

for L = 0 to MAXLEVEL

for {k|k.level = L}

Ak = MAX{Aki} + Dk
}
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Required Times

Required times:

given required times on primary outputs

 Traverse in reverse topological order (i.e. from primary 

outputs to primary inputs)

 if (m , kj) is an edge between m and kj, Rm,kj
= Rk - Dk     

(this is the edge required time)

 Hence, the required time of output of node m is 

Rm = min ( Rm,kj
| kj fanout(m) )

k
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j
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Rk Rj

n

Rm

Rm,j
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Propagating Slacks

Slacks: slack at the output node k is Sk = Rk-Ak

Since Rm,k=Rk-Dk

Sm,k =Rm,k - Am

Sm,k + Am  = Rk-Dk = Sk + Ak - Dk

Since Ak = max {Akj } + Dk

Sm,k = Sk + max {Aki } – Am ki, m fanin (k )

Sm =  min{Sm,kr} kr fanout (m)

Notes:

 Each edge is the graph has a slack and a required time

 Negative slack is bad.

k
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j
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Sk Sj

n

Sm,jSm,k
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Sequential networks

 Arrival times known at l1 and l2

 Required times known at l3, l4, and l5

 Delay analysis gives arrival and required times (hence 

slacks) for C1, C2, C3, C4

C3

C1
C2

C4

l1

l2 l3

l4

l5
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Static critical paths

Min-Max problem: minimize max{-Si , 0}

A static critical path of a Boolean network is a path P = 

{i1,i2,…,ip } where Sik
, ik+1

< 0

Note: if a node k is on a static critical path, then at least 

one of the fanin edges of k is critical. Hence, all critical 

paths reach from an input to an output.

Note: There may be several critical paths
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Example: Static critical paths
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Functional Timing Analysis

What is Timing Analysis? 

Estimate when the output of a given circuit gets stable

clock

Combinational

block

0

0

T0
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Why Timing Analysis?

Timing verification

– Verifies whether a design meets a given timing 

constraint

• Example: cycle-time constraint

Timing optimization

– Needs to identify critical portion of a design for 

further optimization

• Critical path identification

In both applications, the more accurate, the better
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Timing Analysis - Basics

Naïve approach - Simulate all input vectors with SPICE

– Accurate, but too expensive

Gate-level timing analysis  

Focus of this lecture

– Less accurate than SPICE due to the level of 

abstraction, but much more efficient

– Scenario:

• Gate/wire delays are pre-characterized (accuracy loss)

• Perform timing analysis of a gate-level circuit assuming the 

gate/wire delays
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Timing analysis problems

We want to determine the true critical paths of a circuit in 

order to:

– determine the minimum cycle time that the circuit will function

– identify critical paths from performance optimization - don‟t 

want to try to optimize the wrong (non-critical) paths

Implications:

– Don‟t want false paths (produced by static delay analysis)

– Delay model is worst case model. Need to ensure correctness for 

case where ith gate delay Di
M



7

Pag. 7

A naive approach is topological 
analysis
– Easy longest-path problem

– Linear in the size of a network

Not all paths can propagate signal 
events
– False paths

– If all longest paths are false, 
topological analysis gives delay 
overestimate

Functional timing analysis = false-
path-aware timing analysis
– Compute false-path-aware arrival 

timearr(x1)=0    arr(x2)=0

False 

path 

aware

arr(z)?
z

x1 x2

1

1

Gate-level Timing Analysis

c_in

a0

b0

a1

b1

s0

s1

c_out

mux

Length 5
Length 1

ripple carry adder

1

0

Example: 2-bit Carry-skip Adder
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False Path Analysis - Basics

Is a path responsible for delay?

– If the answer is no, can ignore the path for delay computation

Check the falsity of long paths until we find the longest 

true path

– How can we determine whether a path is false?

Delay underestimation is unacceptable

– Can lead to overlooking a timing violation

Delay overestimation is not desirable, but acceptable

– Topological analysis can give overestimate, but never give 

underestimate
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Controlling/Non-Controlling Values

0 0 1

Controlling value of AND

Controlled value of AND

1 1

Controlling value of OR

Controlled value of OR

Non-Controlling value of AND

0

Non-Controlling value of OR

1 1 0
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Static Sensitization

A path is statically-sensitizable if there exists an input 
vector such that all the side inputs to the path are set to 
non-controlling values
– This is independent of gate delays

1
0

Controlling value!

These paths are not

statically-sensitizable

The longest true path is of length 2?

t=0

t=0

t=0

1

0
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Static Sensitization

 The (dashed) path is responsible for delay!

 Delay underestimation by static sensitization (delay = 2 

when true delay = 3)

– incorrect condition

0

0
1

2

1

2 3

0
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What is Wrong with Static Sensitization?

The idea of forcing non-controlling values to side 

inputs is okay, but timing was ignored

– The same signal can have a controlling value at one 

time and a non-controlling value at another time.

How about timing simulation as a correct method?

- 20 -

Timing Simulation
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Implies that delay = 0 for these inputs

BUT!

0 4
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2

1

4->2

1

1

Timing Simulation

0

0 2

2

1

2 3

3 4

Implies that delay = 4 with the same set of 

inputs.

2
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What is Wrong with Timing Simulation?

If gate delays are reduced, delay estimates can 

increase

Not acceptable since

– Gate delays are just upper-bounds, actual delay is in 

[0,d]

• Delay uncertainty due to manufacturing

– We are implicitly analyzing a family of circuits where 

gate delays are within the upper-bounds
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Monotone Speedup Property

Definition: For any circuit C, if 

– C‟ is obtained from C by reducing some gate delays, 

and

– delay_estimate(C‟) delay_estimate(C),

then delay_estimate has Monotone Speedup property

Timing simulation does not have this property

- 24 -

Timing Simulation Revisited

2

1

4

1

1

0

0

2

1

4

3

4

4

means that the rising signal

occurs anywhere between 

t = -infinity and t = 4.

X-valued simulation

40
4
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Timing Simulation Revisited

Timed 3-valued (0,1,X) simulation

– called X-valued simulation

Monotone speedup property is satisfied.

Underlying model of 

 floating mode condition [Chen, Du 93]
– Applies to “simple gate” networks only 

 viability [McGeer, Brayton 89]
– Applies to general Boolean networks

False Path Analysis Algorithms

Checking the falsity of every path explicitly is too expensive - exponential 

# of paths

State-of-the-art approach:

1. Start: set L = Ltop/* = topological longest path delay */
Lold = 0

2. Binary search: 

If (Delay(L)) (*)

L = |L-Lold|/2, Lold = L, L = L - L

Else, L = |L-Lold|/2, Lold = L, L = L + L

If (L > Ltop or L < threshold), L = Lold , done

(*) Delay(L) = 1 if there an input vector under which an output gets stable only at 

time t where L t ?

Can be reduced to

– a SAT problem [McGeer, Saldanha, Brayton, ASV] or 

– a timed-ATPG   [Devadas, Keutzer, Malik]
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SAT-based False Path Analysis

Decision problem:

Is there an input vector under which the output gets stable only after t = 

T ?

Idea:

1. characterize the set of all input vectors S(T) that make the 

output stable no later than t = T

2. check if S(T) contains S = all possible input vectors 

This check is solved as a SAT problem:

Is S \ S(T) empty? - set difference + emptiness check

• Let F and F(T) be the characteristic functions of S and S(T)

• Is F !F(T) satisfiable?

- 28 -

Example

Assume all the PIs arrive at t = 0,  all gate delays = 1

Is the output stable time t > 2?

a

b

c

d

e f

g
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Example

g(1,t=2) : the set of input vectors under which

g gets stable to value = 1 no later than t =2

a

b

c

d

e f

g

g(1,t=2) = d(1,t=1) f(1,t=1)

g(1,t= ) = onset = !a!bc = g(1,t=2) = S1

Onset:

stabilized by t=2?

= (a(0,t=0) b(0,t=0)) (c(1,t=0) e(1,t=0))

= !a!b(c ) = !a!bc = S1(t=2)
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Example

g(0,t=2) : the set of input vectors under which

g gets stable to value = 0 no later than t=2

a

b

c

d

e f

g

g(0,t=2) = d(0,t=1) f(0,t=1)

= (a(1,t=0) b(1,t=0)) (c(0,t=0) e(0,t=0))

= (a+b) + (!c ) = a+b = S0(t=2)

g(0,t= ) = offset = a+b+!c = S0
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Example

g(0,t=2) : the set of input vectors under which

g gets stable to 0 no later than t=2

a

b

c

d

e f

g

g(0,t=2) = a+b

g(0,t= ) = offset = a+b+!c

Offset:

NOTstabilized by t=2

under abc=000

g(0,t= ) \ g(0,t=2) = (a+b+!c) !(a+b) = !a !b !c = satisfiable
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A

0 /1

Set Operations

A

B

Union

A

B

Intersection

Characteristic Function 

Representation of Set

 Concept

– A {0,1} n

• Set of bit vectors of length n

– Represent set A as Boolean function 

A of n variables

• X A if and only if A(X )  =  1
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Characteristic Function Representation of 

Set

Example: f = abcd‟ + ab‟c‟d + a‟bc‟d + 

a‟bcd‟ + a‟bc‟d‟ + a‟b‟cd‟ + 

a‟b‟c‟d + a‟b‟c‟d‟

abcd f

0 0000 0

1 0001 1

2 0010 0

3 0011 1

4 0100 0

5 0101 1

6 0110 0

7 0111 0

abcd f

8 1000 0

9 1001 1

10 1010 0

11 1011 1

12 1100 0

13 1101 1

14 1110 1

15 1111 1
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Summary

False-path-aware arrival time analysis is well-

understood

– Practical algorithms exist

• Can handle industrial circuits easily

Remaining problems

– Incremental analysis (make it so that a small change 

in the circuit does not make the analysis start all 

over)

– Integration with logic optimization
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Ottimizzazione Combinatoria
Restructuring for Timing

Definitions and problem statement

Overview of techniques (motivated by adders)

•Tree height reduction (THR)

•Generalized bypass transform (GBX)

•Generalized select transform (GST)

•Partial collapsing

- 36 -

Timing Optimization

Factors determining delay of circuit:

 Underlying circuit technology

– Circuit type (e.g. domino, static CMOS, etc.)

– Gate type

– Gate size

 Logical structure of circuit

– Length of computation paths

– False paths

– Buffering

 Parasitics

– Wire loads

– Layout 
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Problem Statement

Given:

 Initial circuit function description

 Library of primitive functions

 Performance constraints (arrival/required times)

Generate:

an implementation of the circuit using the primitive 

functions, such that:

– performance constraints are met

– circuit area is minimized

- 38 -

Restructuring Methods - 1

Approaches:

Local: 

 Mimic optimization techniques in adders

– Carry lookahead (THR tree height reduction)

– Conditional sum (GST transformation)

– Carry bypass (GBX transformation)

Global:

 Reduce depth of entire circuit

– Partial collapsing

– Boolean simplification
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Restructuring Methods -2

Performance measured by 

• levels, 

• sensitizable paths, 

• technology dependent delays

 Level based optimizations:

– THR Tree height reduction (Singh „88)

– Partial collapsing and simplification (Touati „91)

– GST Generalized select transform (Berman „90)

 Sensitizable paths

– GBX Generalized bypass transform (McGeer „91)

- 40 -

Tree-Height Reduction (THR)
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Tree-Height Reduction
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Generalized bypass transform (GBX)

 Make critical path false

– Speed up the circuit

 Bypass logic of critical path(s)

fm=f fm+1 fn=gé

fm =f fm+1 fn=gé 0

1

gô

dg
__

df

Boolean

difference
s-a-0 redundant

McGeerô91:
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GBX and KMS transform

GBX gives little area increase, BUT creates an untestable fault 

(on control input to multiplexer)

KMS transform: (remove false paths without increasing delay)

• fk is last node on false path that fans out.

• Duplicate false path {f1,…, fk} -> {f‟1, … , f‟k}

• f‟j fans out to every fanout of fj except fj+1, and fj just fans out 
to fj+1

• Set f0 input to f1 to controlling value and propagate constant 
(can do because path is false and does not fanout)

KMS results

– Function of every node, except f1, … ,fk  is unchanged

– Added k nodes

– Area added in linear in size of length of false paths; in practice 
small area increase.

- 44 -

KMS

fm+1 fm+2 fnéfm+k fm+k+1

fôm+1 fôm+2 fôm+k

fm+1 fm+2 fn
éfm+k fm+k+10

é

Delay is not

increased

Keutzer, Malik, Saldanhaô90:
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Generalized select transform (GST)

Berman‟90: Late signal feeds multiplexer

c d e f g
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GST vs GBX
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GST vs GBX

 Select transform appears to be more area efficient

 But Boolean difference generally more efficiently formed 
in practice

 No delay/speedup advantage for either transform

 Can reuse parts of the critical paths for multiple fanouts 
on GST

c d e f gb

c d e f gb

a=0

a=1

out10

1

a

GST out20

1

a
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Technology Independent Delay 

Reductions

Generally THR, GBX, GST (critical path based methods)
work OK, 

– but very greedy and computationally expensive

Why are technology independent delay reductions hard?

Lack of fast and accurate delay models

– # levels, fast but crude

– # levels + correction term (fanout, wires,… ): a little 
better, but still crude (what coefficients to use?)

– Technology mapped: reasonable, but very slow

– Place and route: better but extremely slow

– Silicon: best, but infeasibly slow (except for FPGAs)

b

e

t

t

e

r

s

l

o

w

e

r
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Conclusions 

 Variety of methods for delay optimization

– No single technique dominates 

– When applied to ripple-carry adder get

– Carry-lookahead adder (THR)

– Carry-bypass adder (GBX)

– Carry-select adder (GST)

– Clustering/Partial collapse

 All techniques ignore false paths when assessing the 

delay and critical regions

– Can use KMS transform to eliminate false paths 

without increasing delay (area increase however).

Ottimizzazione sequenziale

 Clock Skew Scheduling

 Retiming
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Overview of Circuit Optimizations

Combinational Optimization

Clock Skew Scheduling

Retiming

Architectural Restructuring

System-Level Optimization
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Sequential Optimization Techniques

 Clock Skew Scheduling

– balancing of path delays by adjusting the relative clocking schedule 

of individual registers to 

 Retiming

– balancing of path delays by moving registers within circuit topology

– interleaving with combinational optimization techniques

 Architectural Restructuring

– adding sequential redundancy

• fixed: does not change input/output behavior

• flexible: input output behavior changes

 System-Level Optimizations
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Clock Skew Scheduling

 The  synchronous  circuit  can  function  correctly  at  a  period  T  if  and  
only  if  the  following  constraints  are satisfied for every register pair with 
a signal propagation path between them:

 Su + Dmax(u,v) + SETUPv ≤ Sv + T (1)

 Su + Dmin(u,v) ≥ Sv + HOLDv (2)

 Equation (1) is the setup or zero-clocking constraint; it designates the 
constraint that  the signal reaches register v  earlier  than  the  next  clock  
edge

 Equation  (2)  is  the hold or double-clocking constraint, which  specifies  
that the  current  signal  at  register v  is  safely  clocked  in  and not 
overwritten before the clock gets there

- 54 -

Clock Skew Scheduling

 In a synchronous circuit with zero-skew clock, Su and Sv  

are  equal  to  zero, which  implies  that  the minimum 

possible clock period T  is equal  to  the maximum value 

of {Dmax(u,v) + SETUPv} in the circuit.  

 If Su - Sv ≤ 0, then the clock period T would be less than 

the maximum combinational path delay of the circuit.  

 Goal  of  clock  skew  optimization:

– to  determine appropriate values Su and Sv for all register pairs in 

the circuit  based  on  equations  (1)  and  (2)  to  attain  the 

minimum possible period T.
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Clock Skew Scheduling

4

2

5

3r1

r2

r3

r4

Dmax=0 Dmax=14

Dmin=5Dmin=0

Dmax=0

Dmin=0

Skew =0

Tcycle=14

r1, r2, r3
r4

Dômax=5 Dômax=9

Dômin=0Dômin=5

Dmax=0

Dmin=0

Skew =-5

Tcycle=9

r1, r2, r3
r4
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Clock Skew Scheduling

 Inexpensive “post synthesis” technique to further 

reduce clock period

 Combinational design model is preserved

 Setup and hold time constraints must be obeyed

– including hold time constraints from scan chain

 Interleaving with combinational optimizations 

impossible

 Replication of clocking tree required

+

-
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Retiming

4

2

5

3r1

r2

r3
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Dmax=6 Dmax=8

Dmin=3Dmin=2

Dmax=0
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Skew =0

Tcycle=8

rô1 r4

4

2

5

3rô1 r4

Skew = -1

Tcycle=7
( )
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Retiming

 Only setup time constraint  (0 clock skew)

 Simple integration with other logical (e.g. 

combinational) or physical optimizations

 Easy combination with clock skew scheduling to obtain 

global optimum

 Changes combinational model of design

– severe impact on verification methodology

 Inaccurate delay model if applied globally 

 Computation of equivalent reset state required

+

-
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Retiming - Architectural Restructuring

2

2 2r2

r2

r3

r4

r1

. . . . . .

{20

2

2 2

r2

r3

r4

. . . . . .

{10{10

rô1

rô4
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Retiming - Architectural Restructuring

 Smooth extension of regular retiming

 Potential to alleviate global performance bottlenecks by 

adding sequential redundancy and pipelining

 Significant change of design structure

– substantial impact on verification methodology

 Flexible architectural restructuring changes I/O 

behavior

– existing RTL specification methods not always applicable

+

-
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Optimizing Circuits by Retiming

Netlist of gates and registers:

Various Goals:

– Reduce clock cycle time

– Reduce area

• Reduce number of latches

Inputs

Outputs

- 64 -

Problem

– Pure combinational optimization can be suboptimal since 

relations across register boundaries are disregarded

Solutions

– Retiming: Move register(s) so that 

• clock cycle decreases, or number of registers decreases and

• input-output behavior is preserved

– RnR: Combine retiming with combinational optimization 

techniques 

• Move latches out of the way temporarily

• optimize larger blocks of combinational

Retiming
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[Leiserson, Rose and Saxe (1983)]

Circuit represented as retiming graph G(V,E,d,w)

– V set of gates

– E set of connections

– d(v) = delay of gate/vertex v,  (d(v) 0)

– w(e) = number of registers on edge e,  (w(e) 0)

Circuit Representation

- 66 -

Example: Correlator (from Leiserson and Saxe) (simplified)

Circuit

(x, y) = 1 if x=y

0 otherwise

Operation  delay

3

+ 7

Every cycle in Graph has at least one register i.e. no 

combinational loops.

0

3 3

0

0
0

0
2

Retiming Graph (Directed)

7

a b

+

Host

Circuit Representation



33

Pag. 33

- 67 -

For a path p :

Clock cycle

1

0

0

)()(

)()(

k

i

i

k

i

i

ewpw

vdpd endpoints) (includes     

: ( ) 0

max { ( )}
p w p

c d p

For correlator c = 13

Path with 

w(p)=00

3 3

0

0
0

0
2

7

0 11

0 1 1

ke ee

k k
v v v v

Preliminaries

- 68 -

 Movement of registers from input to output of a gate or vice versa

 Does not affect gate functionality's

 Mathematical formulation:

– r: V Z, an integer vertex labeling

– wr(e) = w(e) + r(v) - r(u)   for edge e = (u,v)

Retime by 1

Retime by -1

Basic Operation

r(v)r(u)

wr(e)
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Thus in the example, r(u) = -1, r(v) = -1 results in

 For a path p: s t, wr(p) = w(p) + r(t) - r(s)

 Retiming:

– r: V Z, an integer vertex labeling

– wr(e) =w(e) + r(v) - r(u) for edge e= (u,v)

– A retiming r is legal if wr(e) 0, e E

vu
0

3 3

0

0
0

0
2

7

vu
0

3 3

0

1
1

0
1

7

Basic Operation

- 70 -

Problem Statement: (minimum cycle time)

Given G (V, E, d, w), find a legal retiming r so that 

is minimized

Retiming: 2 important matrices

• Register weight matrix

• Delay matrix

: ( ) 0

max { ( )}
rp w p

c d p

( , ) min{ ( ) : }
p

p

W u v w p u v

( , ) max{ ( ) : , ( ) ( , )}
p

p

D u v d p u v w p w u v

Retiming for Minimum Clock Cycle
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W
V0 V1 V2 V3

V0

V1

V2

V3

0 2 2 2

0 0 0 0

0 2 0 0

0 2 2 0

c p, if d(p) then w(p) 1

D
V0  V1  V2  V3

V0

V1

V2

V3

0   3   6   13

13  3   6   13

10 13  3   10

7  10 13   7

V2V1

v0 0

3 3

0

0
0

0
2

7
W = register path weight matrix

(minimum # latches

on all paths between

u and v)

D = path delay matrix

(maximum delay on

all paths p between

u and v con w(p) = W(u,v))

Retiming for Minimum Clock Cycle

V3

- 72 -

Assume that we are asked to check if a retiming exists for a clock cycle 

Legal retiming: wr(e) 0 for all e. Hence 

wr(e) = w(e) + r(v) - r(u) 0 or

r (u) - r (v) w (e)

For all paths p: u v such that d(p) , we require wr(p) 1

– Thus 1

0

1

1

0

0

1 ( ) ( )

[ (

( ) ( ) (

) ( ) ( )]

( ) ( )

)

( )

k

r r i

i

k

i i i

i

k

w p w e

w e r v

w p r

r v

w p r v v

r u

r

v

Take the least w(p) (tightest constraint)   r(u)-r(v) W(u,v)-1

Note: this is independent of the path from u to v, so we just need to apply it to u, v such that D(u,v) 

Conditions for Retiming
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 All constraints in difference-of-2-variable form 

 Related to shortest path problem

Correlator: = 7

Legal: r(u)-r(v) w(e)

0)()(

0)()(

2)()(

2)()(

03

21

20

10

vrvr

vrvr

vrvr

vrvr

1)()(

1)()(

1)()(

1)()(

1)()(

1)()(

1)()(

1)()(

23

13

32

12

02

31

01

30

vrvr

vrvr

vrvr

vrvr

vrvr

vrvr

vrvr

vrvr

D>7:

r(u)-r(v) W(u,v)-1

V2v1

v0 0

3

0

0
0

0
2

7

W
V0 V1 V2 V3

V0

V1

V2

V3

0 2 2 2

0 0 0 0

0 2 0 0

0 2 2 0

D
V0  V1  V2  V3

V0

V1

V2

V3

0    3   6   13 

13 3   6   13

10 13 3   10

7  10 13 7

3

Solving the constraints
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 Do shortest path on constraint graph: (O(|V||E| )) (Bellman Ford Algorithm)

 A solution exists if and only if there exists no negative weighted cycle.

Legal: r(u)-r(v) w(e)

1)()(

1)()(

1)()(

1)()(

1)()(

1)()(

1)()(

1)()(

23

13

32

12

02

31

01

30

vrvr

vrvr

vrvr

vrvr

vrvr

vrvr

vrvr

vrvr

D>7:

r(u)-r(v) W(u,v)-1

A solution is r(v0) = r(v3) = 0, r(v1) = r(v2) = -1

r(1)
r(0)

r(3)r(2)

0

0 1

1

1

1

-1

-1

-1

-1

-1

0

0

-1

2

Constraint graph

0

0

0

0

0

Solving the constraints

0)()(

0)()(

2)()(

2)()(

03

21

20

10

vrvr

vrvr

vrvr

vrvr

2
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To find the minimum cycle time, do a binary search among the entries of the D 

matrix (0( V E log V ))

Retime

Retimed correlator:

Clock cycle

= 3+3+7=13 Clock cycle = 7

V2v1

v0
0

3 3

0

0
0

0
2

7

a b

+

Host

a b

+

Host

W
V0 V1 V2 V3

V0

V1

V2

V3

0 2 2 2

0 0 0 0

0 2 0 0

0 2 2 0

D
V0 V1 V2 V3

V0
V1
V2
V3

0    3   6   13

13 3   6   13

10  13 3   10

7  10  13 7

Retiming

V3

- 76 -

1. Relaxation based:

– Repeatedly find critical path; 

– retime vertex at end of path by +1  (O( V E log V ))

2. Also, Mixed Integer Linear Program formulation

+1

u

Critical path

v

Retiming: 2 more algorithms
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Goal: minimize number of registers used

:

:

min ( )

( ( ) ( ) ( ))

( ) ( ( ) ( ))

( ( ) ( ))

( )(# ( ) # ( )

( )

r r

e E

e u v

e E e u v

u v

v V

V

v V

N w e

w e r v r u

w e r v r u

N r v r u

N r v fanin v fanout v

N a r v

where av is a constant.

Retiming for Minimum Area

- 78 -

Minimize: 
( )

v

v V

a r v

Subject to: wr(e) =w(e) + r(v) - r(u) 0

 Reducible to a flow problem

Minimum Registers - Formulation
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Problems with Retiming

 Computation of equivalent initial states 

– do not exist necessarily

– General solution requires replication of logic for initialization

 Timing models

– too far away from actual implementation

1

0 ?

?

- 80 -

Example: Retime Equivalence Checking

Retiming =1?

=1?

Backward

retimed

Forward

retimed

Retime

logic


