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Register Clustering

l Register clustering can reduce clock power.
– Reduce the switching capacitance.

l Clock power dominates dynamic power.
l Timing and power trade-off.

– Clustering FFs can reduce power, but displacement cause timing degradation
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Mixed-Driving (Strength) MBFF

l FFs with high driving strength have faster signal propagation but more power 
consumption.

– Driving strength: the current or voltage capability that a physical register can provide on its 
output signal.

l Liu et al. [1] introduces mixed-driving (strength) MBFF.
– FFs in a MBFF can possess different driving strengths.

[1] M.-Y. Liu, Y.-C. Lai, W.-K. Mak, and T.-C. Wang, “Generation of mixed-
driving multi-bit flip-flops for power optimization,” in 2022 IEEE/ACM 
International Conference On Computer Aided Design (ICCAD), pp. 1–9, 2022.

Introduction (2/2)
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Slack Redistribution

l Typically, the available slack in a path is evenly distributed between the input 
and output FFs.

Motivation
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Slack Redistribution

l Typically, the available slack in a path is evenly distributed between the input 
and output FFs.

– FFs can be clustered if their feasible region overlap.

Motivation
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Slack = !
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Slack Redistribution

l Typically, the available slack in a path is evenly distributed between the input 
and output FFs.

– FFs can be clustered if their feasible region overlap.
l However, FFs have different potentials for clustering.
l FFs can release their extra slack to other connected FFs.

Motivation
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Problem Formulation

l Given
– Timing-driven placed design with single-bit FFs.
– Mixed-driving strength MBFF library.
– Static Timing Analysis results (paths with slack).

l Goal 
– Cluster FFs to MBFFs and determine their locations.

l Objectives
– Minimize the total power consumption.
– Minimize the worst negative slack (WNS).
– Minimize the total negative slacks (TNS).
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Intersection Graph

l FFs whose feasible region overlap can be merged.
l The mergeable relationship can be captured by intersection graph
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Coordinate Transformation

l The feasible regions are rotated by 45°clockwise.

– !𝑥
! = 𝑦 + 𝑥
𝑦! = 𝑦 − 𝑥

INTEGRA
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[2] I. H. -R. Jiang, C. -L. Chang and Y. -M. Yang, "INTEGRA: Fast Multibit Flip-Flop 
Clustering for Clock Power Saving," in IEEE Transactions on Computer-Aided Design of 
Integrated Circuits and Systems, vol. 31, no. 2, pp. 192-204, Feb. 2012, 
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l The intersection graph is represented by two interval graphs. 
– The two interval graphs are encoded as two sequences, X’ and Y’.
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MBFF Generation

l Indentify a decision point, essential FFs and related FFs.
– Single FFs are removed.

INTEGRA
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MBFF Generation

l Indentify a decision point, essential FFs and related FFs.
– Single FFs are removed.

l Extract the maximal cliques from partial Y’.
l Partition the clique and generate MBFFs.
l Place MBFFs at density-free locations.
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Window-based X’ Sequence Generation

l To ensure the small displacement of FFs.
– Only the FFs in the inverstigated window are constructed in current X’ sequence.
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Adaptive Interval Graph Construction

l Sequences should be adaptive to feasible region changes.
– Maintain the X’ and partial Y’ sequence as red-black tree.

l Nodes in sequence should possess value information.
– Value: the coordinate in corresponding interval graph.
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Candidates Selection

l To identify candidates with a high potential to cluster with related FFs.
– Candidates are the FFs between the previous decision point and the next decision point 

but not related FFs.
– Isolated flip-flops and visited but unclustered flip-flops are remained in 𝑋′.
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Candidates Inclusion

l Try to form a maximal clique of perfect size by including candidate FFs.
– The perfect size of a maximal clique means that it can directly form an MBFF
– For a clique with imperfect sizes, expand the clique until it reaches the perfect size.

Pseudo power library

Perfect size
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Inclusion Force

l The inclusion force exists between a clique and a FF, which reflects the force 
between them.

– Focus on power reduction since the feasible region has already taken timing into account.

l A larger inclusion force means include the FF requires less slack borrowing 
and has a smaller impact on the original maximal clique to which the FF 
belongs.

l The inclusion force consists of an attractive factor and a repulsive factor.
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Attractive Factor

l Considering the proximity of a candidate FF’s 𝐹𝐹& feasible region to the 
overlapping region of the maximal clique 𝑀''!.

𝐹"## 𝑀$$! , 𝐹𝐹% =
1

max(dist&"(𝑀$$! , 𝐹𝐹%), dist'"(𝑀$$! , 𝐹𝐹%)	)
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l 𝐹()* 𝑀$$! ,𝐹𝐹%

=

,,--.
-,,--.

,,--.
-,,--.

× 𝑆.--.
, 𝑖𝑓 𝑆/"0 ≥ 𝑆.--.

≥ 𝑆/12

𝑆/"0− 𝑆/12 × 𝑆.--.
− 𝑆/"0 ×𝑆/"0 , 𝑖𝑓 𝑆.--.

> 𝑆/"0

𝑆/"0− 𝑆/12 × 𝑆/12 − 𝑆.--.
×𝑆/"0 , 𝑖𝑓 𝑆.--.

< 𝑆/12

Repulsive Factor

l Influenced by the size of the maximal clique to which the candidate FF 
belongs and the degree of power saving.

– 𝑆.--.
: closet but “not” larger than 𝑀$$. ‘s perfect size. 

– 𝑆.--.
: closet but smaller than 𝑀$$. ’s perfect size.
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Repulsive Factor

Pseudo power library

Perfect size

Maximum perfect size

Minimum perfect size

l 𝐹()* 𝑀$$! ,𝐹𝐹%

=

,,--.
-,,--.

,,--.
-,,--.

× 𝑆.--.
, 𝑖𝑓 𝑆/"0 ≥ 𝑆.--.

≥ 𝑆/12

𝑆/"0− 𝑆/12 × 𝑆.--.
− 𝑆/"0 ×𝑆/"0 , 𝑖𝑓 𝑆.--.

> 𝑆/"0

𝑆/"0− 𝑆/12 × 𝑆/12 − 𝑆.--.
×𝑆/"0 , 𝑖𝑓 𝑆.--.

< 𝑆/12

5 6 7

A clique with n FFs



28

Candidates Inclusion Process

l First, generate the maximal feasible region for each candidates.
– Remove the candidates who cannot include even borrowing all slack from the connected 

paths simultaneously.
n Find maximal clique and sort those FFs waste execution time.

l Calculate the inclusion force for each candidate FF.
l Sort candidate FFs by inclusion force and try to include FFs by this order.

– After successfully include one FFs, the overlapping region need to be updated.
l Finish when reach a maximal clique of perfect size.
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Slack Release

l The clustered FFs can release their extra slack to the connected and 
unclustered FFs.

– Recall that a feasible region is constructed based on several diamond (square) regions.
– The regions are contracted to just enclose the location of the formed MBFF.
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FF5’
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Slack Release

l The regions are contracted to just enclose the location of the formed MBFF.
– That is, finding the minimum distance between the four sides of the square region and the 

location of the MBFF
– Each diamond region should retain its diamond shape and center after contraction and 

expansion.

FF4

FF4
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Updated feasible regions 

Contraction distance
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Slack Release

l The distance is converted back to slack then distributed to the connected and 
unclustered FFs.

FF4

∆𝑆

Original feasible regions 
Updated feasible regions 

Contraction distance
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Experimental Settings

l Language
– C++

l Platform
– An Intel Xeon E5-2650 v2 2.6 GHz CPU with 192GB memory

l Benchmark
– ICCAD 2015 Incremental Timing-driven Placement benchmark suite.
– Half FFs that are more timing-critical are changed to high-driving strength.

l Evaluation of timing and clock wirelength/buffers 
– Cadence Innovus

l Evaluation of power
– Pseudo clock sink power and area table provided by [1]

[1] M.-Y. Liu, Y.-C. Lai, W.-K. Mak, and T.-C. Wang, “Generation of mixed-driving 
multi-bit flip-flops for power optimization,” in 2022 IEEE/ACM International 
Conference On Computer Aided Design (ICCAD), pp. 1–9, 2022.
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Benchmark & Power Table

l Timing-driven placed designs
– ICCAD 2015 Incremental Timing-driven Placement benchmark suite.

l Pseudo power library [1]

[1] M.-Y. Liu, Y.-C. Lai, W.-K. Mak, and T.-C. Wang, “Generation of mixed-driving multi-bit flip-flops for power 
optimization,” in 2022 IEEE/ACM International Conference On Computer Aided Design (ICCAD), pp. 1–9, 2022.
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Experimental Flow

Placement

Legalization

Clock Tree Synthesis

Timing Optimization and Analysis

Clock Tree Report Timing Report

MIX_modified[1] Ours w/ SRNon-clustered MS [2]

[1] M.-Y. Liu, Y.-C. Lai, W.-K. Mak, and T.-C. Wang, “Generation of mixed-driving multi-
bit flip-flops for power optimization,” in 2022 IEEE/ACM International Conference On 
Computer Aided Design (ICCAD), pp. 1–9, 2022.

[2] Y.-C. Chang, T.-W. Lin, I. H.-R. Jiang, and G.-J. Nam, “Graceful register clustering by effective 
mean shift algorithm for power and timing balancing,” in Proceedings of the 2019 International 
Symposium on Physical Design, pp.11–18, 2019.

Window size: 200,000
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Performance Comparisons

l The best performance in terms of WNS, power and runtime. 
– Although there is a 0.79% TNS degradation compared to MS, we achieve a 1.81% 

improvement in power. 
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Effectiveness of Slack Redistribution

l With (w/SR) slack redistribution, the power consumption further decreases by 
2.82% on average

– TNS and WNS degradation also reduces with almost no runtime overhead.
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Layout Comparisons – Full 

Non-clustered

MS MIX_modified

Ours w/o SR

Ours w/ SR

l FFs become more densely packed.



41

Layout Comparisons - Partial

Non-clustered

MS MIX_modified

Ours w/o SR

Ours w/ SR

l Groups of flip-flops are replaced by MBFFs that occupy multiple rows and 
have larger areas.
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Conclusions

l We propose a register clustering algorithm with novel path slack redistribution 
technique.

– Use window-based sequence generation to effectively prevent unexpected timing 
degradation and runtime overhead.

– Use red-black trees for changing feasible regions.
– Propose an inclusion force model to create more perfectly sized MBFFs.
– Release slack to increase the clustering potential to unclustered FFs.

l Experimental results show our algorithm achieve superior performance in 
terms of clock power reduction, timing balancing and runtime.
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Thank you


