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INTEGRATED CIRCUIT (IC) INDUSTRY

• Contributed to the modern society and human welfare

• Physical designers:  Design automation and optimization

• Innovations and advancements

• Growing market size

Figures (a) and (b):  [1] Semiconductor Sales Revenue Worldwide from 1987 to 2018, http://www.statista.com/statistics/266973/.

   [2] Global Semiconductor Industry Revenue from ICs 2009-2018, http://www.statista.com/statistics/519456/.

(a) Semiconductor sales revenue worldwide from 1987 

to 2018 (in billion U.S. dollars) [1].

(b) Global semiconductor industry revenue from ICs 

from 2009 to 2018 (in billion U.S. dollars) [2].

http://www.statista.com/statistics/266973/
http://www.statista.com/statistics/519456/
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CHALLENGES IN IC DESIGN

• “Moore’s Law” is slowing down…

• “Design capability Gap” (2013 ITRS report) between 

available vs. realized density scaling  

Gap

Figure:  [3] A. B. Kahng, H. Lee and J. Li, "Measuring Progress and Value of IC Implementation Technology", Proc. ICCAD, 2016, pp. 27:1-27:8. 

Gray arrow = available scaling 

Red squares = realizable scaling   

                      in MPU products

Compensate for design capability gap

   Design-based equivalent scaling = Better IC design and design methodology

  (Design-based equivalent scaling: Design technologies that improve PPAC 

tradeoffs to rescue Moore’s-Law scaling of value)

Quoted, Dr. Jiajia Li (from his dissertation)
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CHALLENGES IN IC DESIGN

• Hardware design cost is rapidly increasing…

• The cost/gate trend is reversed from 20nm node.

• The hardware design cost is increasing.

Bar chart: Distribution of 

hardware design cost 

per technology node 

Line chart: Design cost 

per gate trend

Figure:  [4] Hardware Design Cost: Faster, Cooler, Simpler, could FD-SOI be Cheaper too?, https://www.semiwiki.com/forum/content/2991-faster-cooler-

simpler-could-fd-soi-cheaper-too.html.

https://www.semiwiki.com/forum/content/2991-faster-cooler-simpler-could-fd-soi-cheaper-too.html
https://www.semiwiki.com/forum/content/2991-faster-cooler-simpler-could-fd-soi-cheaper-too.html
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NEW OPPORTUNITIES

• Continuously shrinking logic device, but …

• According to the latest ITRS [5] and the recent report from ASML [6]

Figures: [5] ITRS Report 2015 Edition, http://www.semiconductors.org/main/2015_international_technology_roadmap_for_semiconductors_itrs/.

[6] Many Ways to Shrink: The Right Moves to 10 Nanometer and Beyond, https://staticwww.asml.com/doclib/investor/asml_3_Investor_Day-

Many_ways_to_shrink_MvdBrink1.pdf.

We (i.e., IC designers and researchers) must prepare 
the future design methodology !!

ITRS 2015 report

ASML report

http://www.semiconductors.org/main/2015_international_technology_roadmap_for_semiconductors_itrs/
https://staticwww.asml.com/doclib/investor/asml_3_Investor_Day-Many_ways_to_shrink_MvdBrink1.pdf
https://staticwww.asml.com/doclib/investor/asml_3_Investor_Day-Many_ways_to_shrink_MvdBrink1.pdf
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GLOBAL PLACEMENT OVERVIEW

• Global Placement

• Determines the locations of standard cells and/or logic elements while 

addressing optimization objectives

• Highly important physical design step in integrated circuit (IC) design flow

• Directly impacts on timing closure, die utilization, routability, design turnaround time (TAT) → 

operating frequency, yield, power consumption, cost

• Placement instances

• Hypergraph G = (V, E)

• V:= a set of vertices, i.e., standard cells and macros

• E:= a set of hyperedges, i.e., nets

• Placement solution  v = (x, y),  X- and Y-coordinates of all placeable vertices

• legal solution?

1. Every instance should be settled in the placement region.

2. Every standard cell should be spaced within predefined rows.

3. No overlap is allowed between instances including both standard cells and 

macros.
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GLOBAL PLACEMENT FORMULATION

Global Placement

• 𝑊 𝑥, 𝑦 = σ𝑛 max
𝑖∈𝑛

𝑥𝑖 − 𝑚𝑖𝑛𝑖∈𝑛𝑥𝑖 +  𝑚𝑎𝑥𝑖∈𝑛𝑦𝑖  − 𝑚𝑖𝑛𝑖∈𝑛 𝑦𝑖 

• Constraint: 𝐷𝑒𝑚𝑎𝑛𝑑 𝑏 < 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑏 ∀ bin 𝑏.

ePlace

• Function: 𝑊 𝑥. 𝑦 + 𝜆𝐷 𝑥, 𝑦 ,

•  𝐷 𝑥, 𝑦  𝑡𝑜𝑡𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 

Shadow Price of Primal Dual Formulation 

• Function: 𝑊 𝑥. 𝑦 + σ𝑏 𝒱𝑏 𝐷𝑏 𝑥, 𝑦 ,

•  𝐷𝑏 𝑥, 𝑦  𝑐ℎ𝑎𝑟𝑔𝑒 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑖𝑛 𝑏𝑖𝑛 𝑏 

• The shadow price of bin 𝑖 is proportional to the 

demand/capacity constraint violation.
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PROBLEM FORMULATION

• Placement Objective Function f(v)

• ePlace:  Electrostatics-based global-smooth density function

min
𝒗

𝑓(𝒙, 𝒚) = 𝑊 𝑥, 𝒚 + ෍

𝑏

𝒱𝑏 𝐷𝑏(𝑥, 𝑦)

Cell Instance

Cell Area (Ai)

Placement Instance

Even Density Distr.

Cell Coordinate & Dim.

Electric Particles

Charge Quantity (qi)

+

Electrostatic System

Min. Potential Energy

Charge Coordinate & Dim.

[13] J. Lu, “Analytic VLSI Placement Using Electrostatic Analogy”, Ph.D. Dissertation, UC San Diego, CA, 2014.
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EPLACE:  IN EACH ITERATION

charge density distr.

electric potential distr.

cell & macro distr.

electric field distr.

ρ(x, y)sol. v

ψ(x, y)E(x, y)

[13] J. Lu, “Analytic VLSI Placement Using Electrostatic Analogy”, Ph.D. Dissertation, UC San Diego, CA, 2014.
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REPLACE

• RePlAce Overview
• A single placement engine which solves five classes of benchmarks

• Local Lagrange multiplier

• Enables local smoothing that comprehend local over-demanded bins

• Meta parameter tuning

• Adjust step size of numerical method

• Routability optimization

•  Simple but effective metal layer-aware superlinear cell inflation technique

• Differences from the previous ePlace 2.0 
• We conduct experiments using DAC-2012 and ICCAD-2012 global routability-driven placement 

benchmark suites with new routability optimization techniques, significantly improving over best known 

results.

• Code optimizations have significantly improved runtime for RePlAce (≈4x faster)

• Misc. improvements contribute to improve the existing placement mechanism
• E.g., macro legalization using annealing, the amount of rollback after fixing macro, pushing more 

overflow, bin size determination and local smoothing, taking-off z-dimension computations, etc.
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REPLACE:  CONSTRAINT-DRIVEN PLACEMENT

• Formulation:  Local Lagrangian multiplier

• 𝒱𝒃 = 𝒆𝒙𝒑(α 𝑫𝒆𝒎𝒂𝒏𝒅𝒃 − 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚𝒃 /𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚𝒃)

[ePlace] [RePlAce with Constraint-Driven]
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REPLACE:  CONSTRAINT-DRIVEN PLACEMENT

• newblue1 (MMS [14])

• Final placement layout after legalization and detailed placement

[RePlAce without local Lagrangian multiplier]

HPWL = 6.39E+7, #Iter = 708 (580+128), run = 9.2 min

Target density = 100%

[RePlAce with local Lagrangian multiplier]

HPWL = 5.60E+7, #Iter = 762 (623+139), run = 9.9 min 

Target density = 100%

[ePlace 2.0 without local Lagrangian multiplier]

• HPWL = 6.38E+7 

• #Iter = 1089 (615 + 474)

• runT = 43 min

[ePlace 2.0 with local Lagrangian multiplier]

• HPWL = 5.71E+7 

• #Iter = 1078 (609 + 469)

• runT = 42 min

In the present RePlAce, we significantly improve the solution quality and runtime.

[14] J. Z. Yan, N. Viswanathan and C. Chu, “Handling Complexities in Modern Large-Scale Mixed-Size Placement”, Proc. DAC, 2009, pp. 436-441.
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REPLACE:  META PARAMETER TUNING 

• General Idea of Dynamic Step Size

(a) (b) (c)
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REPLACE:  IMPROVED DYNAMIC STEP SIZE

ADAPTEC1 

trial 

placement 

procedure 

and estimated 

transition 

points
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REPLACE:  IMPROVED DYNAMIC STEP SIZE

• Trial procedure to capture transition points on HPWL curve.

▲ Flowchart of our trial placement procedure. The red rectangle 

indicates nonlinear optimization using Nesterov’s method. The 

actual placement procedure follows this tGP procedure.
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REPLACE:  IMPROVED DYNAMIC STEP SIZE

• Solution quality in terms of the final HPWL

• ePlace vs. RePlAce-ds (ADAPTEC1)

• RePlAce-ds achieves a dominating runtime and solution quality (red square)

• Below [0.95, 1.003], e.g., [0.95, 1.002], [0.95, 1.001], etc., results are not converged
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• Simple but effective routability optimization

• A layer-aware cell inflation technique

• Integrate the official global router NCTU-GR [17] of the DAC-

2012 [18] and ICCAD-2012 [19] benchmark suites for 

congestion estimation. 

• Superlinear cell inflation technique to mitigate global routing 

congestion during global placement. 

• We further include a post-placement optimization by [20]

• Following the strategy of recent leading works [21] [22]

REPLACE:  ROUTABILITY-DRIVEN PLACEMENT

[17] NCTU-GR, http://people.cs.nctu.edu.tw/˜whliu/NCTU-GR.htm

[18] N. Viswanathan, C. J. Alpert, C. N. Sze, Z. Li and Y. Wei, “The DAC 2012 Routability-driven Placement Contest and Benchmark Suite”, Proc. DAC, 

2012, pp. 774-782.

[19] N. Viswanathan, C. J. Alpert, C. N. Sze, Z. Li and Y. Wei, “ICCAD-2012 CAD Contest in Design Hierarchy Aware Routability-Driven Placement and 

Benchmark Suite”, Proc. ICCAD, 2012, pp. 345-348.

[20] W.-H. Liu, C.-K. Koh and Y.-L. Li, “Optimization of Placement Solutions for Routability”, Proc. DAC, 2013, pp. 1-9.

[21] X. He, T. Huang, L. Xiao, H. Tian and E. F. Y. Young, “Ripple: A Robust and Effective Routability-Driven Placer”, IEEE Trans. on CAD 32(10) (2013), 

pp. 1546-1556.

[22] X. He, Y. Wang, Y. Guo and E. F. Y. Young, “Ripple 2.0: Improved Movement of Cells in Routability-Driven Placement”, ACM Trans. on DAES 22(1) 

(2016), pp. 10:1-10:26.

http://people.cs.nctu.edu.tw/˜whliu/NCTU-GR.%20htm
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REPLACE:  ROUTABILITY-DRIVEN PLACEMENT

• Metal layer-aware superlinear cell inflation

• 𝑒 = one of the four edges of a given global routing tile

• 𝑚𝑙 = a specific metal layer

• 𝛾𝑠𝑢𝑝𝑒𝑟 = 2.33 (empirically determined)

• Considers the total available whitespace

• Starting from 90% die utilization,

• We limit ‘the maximum cell-inflated area’ ≤ 10%

• If exceed, then perform ‘inflation ratio adjustment’

• Divides the inflation ratio for each tile by the inflation ratio of the least-congested tile 
that has a ratio greater than one

Routing demand 

calculation: the 

upper-left tile has a 

horizontal routing 

demand of 

max 15,19  = 19

▲
 

Blockage calculation. For the 

vertical edge on the right, 

𝑏𝑙𝑘 =  𝑏𝑙𝑘1 + 𝑏𝑙𝑘2. Note the 

union of blocked capacity for 

the upper two blockages.

▲
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REPLACE:  ROUTABILITY-DRIVEN PLACEMENT

• Our routability optimization flow

• Our detailed placer: NTUplace3 [23]

[23] T.-C. Chen, Z.-W. Jiang, T.-C. Hsu, H.-C. Chen and Y.-W. Chang, “NTUplace3: An Analytical Placer for Large-Scale Mixed-Size Designs with 

Preplaced Blocks and Density Constraints”, IEEE Trans. on CAD 27(7) (2008), pp. 1228-1240. 
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REPLACE:  ROUTABILITY-DRIVEN PLACEMENT 

• Global routing overflow (SUPERBLUE12) during routability-

driven global placement procedure
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CONCLUSION

• RePlAce: Advancing solution quality and routability validation in global placement

• Local density function

• Enables local smoothing that comprehend local over-demanded bins

• Improved dynamic step size adaptation

• To further improve the solution quality by compromising runtime

• Routability optimization

•  Simple but effective metal layer-aware superlinear cell inflation technique

• Results:  Superior solution qualities

• Standard cell placement

• An average HPWL reduction of 2.00% over the best known ISPD benchmark results

• Mixed-size placement

• An average HPWL reduction of 2.73% over the best known MMS benchmark results

• Routability-driven placement

• Achieves on average 8.50% to 9.59% scaled HPWL reduction over previous leading 

academic placers for the DAC-2012 and ICCAD-2012 benchmark suites

• vs. Industrial tool

• Achieves 2.4% reduction of routed wirelength on average with similar number (<100) of 

DRC violations, and consumes less than 2× runtime
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REPLACE:  CONSTRAINT-DRIVEN PLACEMENT

• newblue1 (MMS)

• Iteration 400 (macro and standard cell placement)

[ePlace]

• HPWL = 4.51E+7 

[RePlAce with Constraint-Driven]

• HPWL = 4.32E+7 
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REPLACE:  CONSTRAINT-DRIVEN PLACEMENT

• newblue1 (MMS)

• Iteration 600 (macro and standard cell placement)

[ePlace]

• HPWL = 6.55E+7 

[RePlAce with Constraint-Driven]

• HPWL = 5.32E+7 



25/60

REPLACE:  CONSTRAINT-DRIVEN PLACEMENT

• newblue1 (MMS)

• Iteration 30 (standard cell placement after fixing macro)

[ePlace]

• HPWL = 5.18E+7 

[RePlAce with Constraint-Driven]

• HPWL = 5.96E+7 
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EPLACE 2.0:  CONSTRAINT-DRIVEN PLACEMENT

• Animation, ePlace vs. ePlace 2.0, NEWBLUE1

• Cell movement/location per each iteration

[ePlace]

• HPWL = 6.38E+7 (After Detailed Placement)

• #Iter = 1089 (615 + 474)

• runT = 43 min

[ePlace 2.0 with Constraint-Driven]

• HPWL = 5.71E+7 (After Detailed Placement)

• #Iter = 1078 (609 + 469)

• runT = 42 min
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EPLACE 2.0:  CONSTRAINT-DRIVEN PLACEMENT

• Animation, ePlace vs. ePlace 2.0, NEWBLUE1

• Final placement result after detailed placement

[ePlace]

• HPWL = 6.38E+7 (After Detailed Placement)

• #Iter = 1089 (615 + 474)

• runT = 43 min

[ePlace 2.0 with Constraint-Driven]

• HPWL = 5.71E+7 (After Detailed Placement)

• #Iter = 1078 (609 + 469)

• runT = 42 min
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EPLACE 2.0:  DYNAMIC STEP SIZE

• Dynamic Step Size in the Previous ePlace

• Accounts for diff(HPWL).

• For each iteration, get ‘reference’. 

• If reference < 0, then step size coefficient is the upper bound value.

• If reference > 0, then 

step size coefficient (cof)

LowerBound 0.95 1.00 UpperBound 1.05

Smaller HPWL increment

Smaller reference

Larger HPWL increment

Larger reference

(HPWLiter -HPWLiter-1) reference_d _wirelength
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EPLACE 2.0:  IMPROVED DYNAMIC STEP SIZE

• Motivation

• Trade-off:  Solution quality vs. runtime

• Obtain better solution quality by investing runtime efficiently.

• Improved Dynamic Step Size Adaptation:  
• Dynamic Step Size + Control upper-bound + Apply reference WL per case

HPWL vs. #iterations across 

constant step sizes.

Testcase:  ADAPTEC1

H
P

W
L

#iterations

default step size scale 1.05
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EPLACE 2.0:  IMPROVED DYNAMIC STEP SIZE

• Background:  HPWL curves of testcases
• Transitions points are depicted by red stars on HPWL curves.

ADAPTEC1, MMS BIGBLUE1, MMS NEWBLUE2, MMS

netcard, REAL DESIGNleon3mp, REAL DESIGN

Two transition points on HPWL curve if macros exist 

One transition points on HPWL curve if macros do not exist 

ignore ignore
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EPLACE 2.0:  IMPROVED DYNAMIC STEP SIZE

• Our Approach (Example:  ADAPTEC1)

• Trial procedure to capture transition points on HPWL curve.
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EPLACE 2.0:  IMPROVED DYNAMIC STEP SIZE

• Extreme Points (i.e., Transition Points)

• Trial Procedure (Constant Scale 1.05),   ADAPTEC1
• EP:  Extreme Point

Class of Extreme Points HPWL Upper Bound of Step Size

The initial point 1.762E+7 1.001

The first 1st-order EP 2.461E+7 1.01

The first 2nd-order EP 2.829E+7 1.005

The second 1st-order EP 3.287E+7 1.05

The second 2nd-order EP 3.402E+7 1.01

The third 1st-order EP 4.680E+7 1.05

The last point 6.007E+7 1.01
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EPLACE 2.0:  IMPROVED DYNAMIC STEP SIZE

• Solution Quality in terms of the final HPWL

• ADAPTEC1

• CPUtime

• 30min (1.05)

• 60min (1.02)

• 90min (DS)

• 120min (1.01)
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EPLACE 2.0:  ROUTABILITY-DRIVEN PLACEMENT

• Comparison of congestion estimation by our model  vs. commercial tool

• Figures generated by MATLAB

• leon3mp:  realistic test case.

• #STD cells: 437465,  #I/O ports: 332,  #nets: 437718,  #pins: 1388822

Horizontal Congestion by ePlace 2.0 Horizontal Congestion by commercial tool 
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• Cell Inflation

• Each cell inflation procedure:  (6-10) times of inflation phases

• (4-6) times of inflation procedures

• Horizontal(vertical) congestion → inflate in V(H) direction

• 𝑟𝑜𝑢𝑡𝑒𝑂𝑉𝐹𝐿ℎ 𝑔𝑖 =
𝑇𝑟𝑎𝑐𝑘𝐷𝑒𝑚𝑎𝑛𝑑𝑣(𝑔𝑖)

𝑇𝑟𝑎𝑐𝑘𝑆𝑢𝑝𝑝𝑙𝑦𝑣(𝑔𝑖)

EPLACE 2.0:  ROUTABILITY-DRIVEN PLACEMENT

Global Placement (GP)

Gradient 

Computation

Hessian 

Pre-conditioning

Lipschitz 

Prediction

Steplength 

Backtracking

Nesterov’s 

Optimizer

Overflow 

Converge?

e
ls

e

pass

no

yes

Routability

Control

Ñf

Ñfpre

Placement Input

P
la

c
e

m
e
n

t 
O

u
tp

u
t

• Implementation

• Alternate H and V inflation

• Continuous inflation phase

• 6-10 times before restoring the cell 

size

• Inflation Bound

• total inflation area ≤ white space

[6] X. He, T. Huang, L. Xiao, H. Tian and E. F. Y. Young, “Ripple: A Robust and Effective Routability-Driven Placer”, IEEE Trans. CAD, 32(10) (2013), pp. 1546-1556.

[7] J. Lu, P. Chen, C.-C. Chang, L. Sha, D. J.-H. Huang, C.-C. Teng and C.-K. Cheng, “ePlace: Electrostatics Based Placement Using Nesterov’s Method”, Proc. DAC, 2014, pp. 1-6.



36/60

REPLACE:  ISPD-2005, ISPD-2006, MMS

• Benchmark Statistics
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REPLACE:  ISPD-2005 [15], ISPD-2006 [16], MMS [14]

• Standard cell 

placement

• An average HPWL 

reduction of 2.00% over 

the best known ISPD 

benchmark results

• Mixed-size 

placement

• An average HPWL 

reduction of 2.73% over 

the best known MMS 

benchmark results

Runtime breakdown (#iterations) aggregated over all reported 

testcases for RePlAce-ds (left) and RePlAce-ldds (right). 

tGP, mGP, and cGP respectively denote trial placement, macro and 

standard cell placement, and standard cell-only placement.

[14] J. Z. Yan, N. Viswanathan and C. Chu, “Handling Complexities in Modern Large-Scale Mixed-Size Placement”, Proc. DAC, 2009, pp. 436-441.

[15] G.-J. Nam, C. J. Alpert, P. Villarrubia, B. Winter and M. Yildiz, “The ISPD 2005 Placement Contest and Benchmark Suite”, Proc. ISPD, 2005, 

pp. 216-220.

[16] G.-J. Nam, “ISPD 2006 Placement Contest: Benchmark Suite and Results”, Proc. ISPD, 2006, pp. 167.

▲
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REPLACE:  DAC-2012 AND ICCAD-2012

• Benchmark Statistics
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REPLACE:  DAC-2012 AND ICCAD-2012

• Results

• Achieves on average 

8.50% to 9.59% 

scaled HPWL 

reduction over 

previous leading 

academic placers for 

the DAC-2012 and 

ICCAD-2012 

benchmark suites

• RePlAce-r alt uses 

NTUplace4h [24] as  

its detailed placer

▲ DAC-2012

ICCAD-2012▲
 [24] M.-K. Hsu, Y.-F. Chen, C.-C. Huang, S. Chou, T.-H. 

Lin, T.-C. Chen and Y.-W. Chang, “NTUplace4h: A Novel 

Routability-Driven Placement Algorithm for Hierarchical 

Mixed-Size Circuit Designs”, IEEE Trans. on CAD 33(12) 

(2014), pp. 1914-1927.
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