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BackgroundBackground

More devices trend to be put in the small 
silicon area.

The clock frequency is pushed even higher.
Timing constraint and Low Power become significant 
requirement.
Slack budget aims at

slowing down as many components as possible without violating 
the system’s timing constraints.
The slowed-down components can be further optimized to improve 
system’s area, power dissipation, or other design quality metrics.

Retiming 
is one of the most powerful sequential optimization techniques
relocates the flip-flops (FFs) in a circuit while preserving its 
functionality



MotivationMotivation

Relocate FFs to increase potential slack without violating 
timing constraint.

No potential slack in this circuit. The potential slack can be increased 
from 0 to 3

Simultaneous retiming and slack budget process



Previous WorksPrevious Works
Retiming:

[C.E.Leiserson et al. Algorithmica 1991]: first work
[N. Maheshwari et al. TCAD 1998]: flow based Min-
area retiming
[H. Zhou, ASPDAC 2005]: incremental Min-period 
retiming
[J. Wang & H. Zhou DAC 2008]: incremental Min-
period retiming

Slack Budgeting:
[R. Nair et al. TCAD 1989]: ZSA, suboptimal heuristic
[C. Chen et al. TCAD 2002]: Maximum-Independent-
Set, NP-complete
[S.Ghiasi et al. ICCAD 2004]: Flow based algorithm



Existing Work for slack budgeting (2)Existing Work for slack budgeting (2)

Retiming + Slack Budgeting:
[Y. Hu et al. DAC 2006]: dual-Vdd, MILP
[S. Liu et al. ASPDAC 2010]: heuristic; MIS based
NP-hard
Easily trapped in local optimum

In previous works:
A few works consider simultaneous Retiming and 
Slack Budgeting
MILP method or heuristic method

In our works:
Network-Based Algorithm
Speedup



Contribution of Our AlgorithmContribution of Our Algorithm

Formulate retiming and slack budgeting problem as an Integer 
Linear Programming (ILP) problem.

Transform the problem to the convex cost dual network flow 
problem with just a little loss of optimality.

Experimental results show the efficiency of our approach 
which can not only achieve more reduction of power 
consumption but also get speedup over previous works.



Power Slack CurvePower Slack Curve

Each gate i is given k discrete slack levels
Each point is connected to its neighboring 
point(s) by a linear segment.
Power Slack Curve is a convex decreasing 
function.



Problem DefinitionProblem Definition

Input:
Directed graph G = (V; E; d; w) as synchronous sequential circuit.

i ∈ V: combinational gate
eij ∈ E: signal passing from gate i to j
di : delay of gate i
wij : number of FF on edge eij

Period constraint T
Power-slack tradeoff for each slack level

Output: reallocation represented by r , so
Minimize power consumption
Under the period constraint

wij=1

wij=0



Labels DefinitionLabels Definition

Three non-negative labels, ai/γi/si: V →R*

the latest arrival time, require time, and slack of gate i.

An integer label r : V →Z*

the number of FFs are moved from the outgoing edges to the 
incoming edges of each node
when r is negative value, it means FFs are moved back from the 
incoming edges to outgoing edges
the number of FFs on edge (vi, vj) is wij + rj - ri

r1=0

r3=-1

wij=1



MILP formulationMILP formulation

Power consumption
Power Slack Curve

Retiming constraints
The number of FFs on edge (vi, vj): wij + rj – ri ≥ 0

Period constraint T

r1=0

r3=-1
wij=1



MILP formulationMILP formulation

tij is an introduced intermediate variable which connects (IIg) and (IIh)
where Nff is the constant of upper limit for both Ri and ri



MILP formulationMILP formulation

Solved by ILP Solver, but 
unacceptable runtime

Need more effective 
method

Without two constraints, 
convex cost dual network 
algorithm [R. K.Ahuja et al. 
2003]

Removes constraint (IIh), 
add penalty function P(tij):

Generate new problem (III)

Given solutions of (III), 
heuristic generate solution 
of (II):

convex cost dual network flow problem?



Remove Redundant ConstraintRemove Redundant Constraint

Remove constraint (IIb)

Consider new problem 
(III’), which replaces (IIa) 
and (IIb) by



Primal Network Flow ProblemPrimal Network Flow Problem

Solve problem (III) by Convex Cost Dual Flow:
Transformation to Primal Network Flow Problem

Further simplify problem as follow:



Remove constraints

P(sij) can be modified to eliminate the bounds on sij

The bounds on μi can also be eliminated by adding into 
objective a convex cost function B(μi)

Primal Network Flow Problem



Lagrangian RelaxationLagrangian Relaxation

Step 2: Lagrangian Relaxation
Lagrangian relaxation to eliminate constraints
Lagrangian sub-problem:

Introduce start node v0
Final Lagrangian subproblem:



Convex Cost-scaling ApproachConvex Cost-scaling Approach

Step 3: Convex Cost-scaling Approach
Define function
Hij (xij ) is concave, define convex function

Final problem is a min-cost flow problem

For optimal flow x, construct residual network G(x)
In G(x), solve shortest path distance d(i)
Apply (i) = d(i) and sij = (i) 
Final solve the problem!!



Experiments SetupExperiments Setup
Implemented in C++

3.0GHz CPU and 6GB Memory

19 cases from the ISCAS89



Experimental resultsExperimental results

[18] S.Liu et al., ”Simultaneous slack budgeting and retiming for synchronous circuits 
optimization”, ASPDAC 2010



ConclusionConclusion

The retiming and slack budgeting problem can be 
simultaneously solved by formulating the problem to a convex 
cost dual network flow problem.

With the power slack curve, the discrete slack budgeting can 
be solved by convex cost dual network flow formulation.

Both the theoretical analysis and experimental results show 
the efficiency of our approach 

Reduce power consumption by 15%
500 times speedup.
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