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Deep Appreciation of ISPD for this Great Honor
• I have learned a lot from friends and colleagues in the ISPD community
• ISPD has been a wonderful forum where we shared many of our research results
• I am glad that I had the opportunity to contribute to ISPD 

• But let’s start from beginning – how did I start with physical design? 
3/17/25 2



From PKU to UIUC

• Started my undergraduate in Peking University
• Changed the preferred major from math to Computer Science in the last minute

• One of my most favorite courses: Discrete mathematics
• In particular, enjoy reading Prof. C. L. Liu’s textbook

• Started my PhD at UIUC in Jan. 1986
• The only PhD program I applied (thanks to the recommendation of Prof. Gongben Wang)
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An Unexpected Journey into EDA
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• Dave started to switch to EDA in mid 1980s
• A great decision -- it was the “Big data” problem at the time

• Plenty of opportunities for algorithmic innovations
• Dave received 2011 Phil Kaufman Award for “leading the 

transformation from ad hoc EDA to algorithmic EDA”
• The ISPD Lifetime Achievement Award in 2012

• But it was a worrisome to me
• Not sure if it’s a good fit for me



My First Paper in Physical Design (and EDA)
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• On three-Layer channel routing
• Took a novel transformation-based approach 
• Used several combinatorial optimizations

• Two-processor scheduling, shortest path …

• Had a great collaborator – Martin Wong

[ICCAD’1987]

With Martin for his ISPD Lifetime 
Achievement Award in ’2024



My Real Appreciation of EDA
• Summer intern at Xerox PARC with Bryan Preas (1987)

• Practiced VLSI design beyond graph optimization

• Developed a standard cell global router as part of PARC 
DATool system 
• Published a paper in ICCAD’88
• Got a big layout plot (from Tektronix printer)

3/17/25
ISPD’2014 life time achievement award for Bryan



PhD Thesis on “Routing Problems in the Physical 
Design of VLSI Circuits (1990)
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“Houston, we have a problem” -- Interconnects

• (Local) Interconnect delays dominate 
gate delays

• My first NSF proposal 
• “Interconnection Problems for High-

Performance VLSI Circuits and Systems” 
• NSF Initiation Award 
• $70K for two years (7/1991 – 6/1993)
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After various interconnect optimizations [ICCAD’97]



Understanding the Interconnect Delay

• 𝑃!: path from input to node 𝑖
• 𝑅"!: resistance of common path 𝑃! ∩ 𝑃" from input to 𝑖&𝑘
• Elmore delay to node 𝑖 (the 1st order approximation)

• 𝑇!! = ∑" 𝑅"#𝐶"
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Approach 1: Interconnect Topology 
and Geometry Optimization

(The decade of 1990s)
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Interconnect Topology Optimization

• Conventional Routing Algorithms Are Not Good Enough
• Minimum spanning tree (MST) may have very long source-sink path
• Shortest path tree (SPT) may have very large routing cost

• It’s possible to bound the radius and total length simultaneously
• Path length <= (1+𝜀) ∗𝑅SPT, and cost <= (1+(2/𝜀)) * cost(MST)
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[Cong-Kahng-Robin-Sarrafzadeh-Wong,  T-CAD’92]
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In Practice, A-tree Algorithm Works Well  [Cong-
Leung-Zhou, DAC’93]
• A-tree: a minimum-cost rectilinear Steiner arborescence (SPT)
• Start with a forest of n single-node A-trees
• Apply a sequence of moves

] Grow an existing A-tree, or
] Combine two A-trees into a new one

• Terminate when only one A-tree is left

An NP-hard problem (shown later [Shi & Su, SIAM JOC’05]).
But the A-tree heuristic was at most 4% from optimal; Can be combined with buffer insertion.



Simultaneous Width and Spacing Optimization
• Recall the Elmore delay
• 𝑇!! = ∑"𝑅"#𝐶"

• Reduce path resistance 
• Widen the wires near the source

• Bound the capacitance increase
• Taper down the wires near the sink

• Care about the coupling cap to the neighbours

• Can solved optimally
• Discrete sizing [Cong-Leung, ICCAD’93]
• Continuous sizing [Gao-Wong, T-CAD’99] …
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Approach 2: Scalable Placement
(The decade of 2000s)
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Routing Is Determined by Placement

3/17/25 15By courtesy of IBM (Tony Drumm)

• Also, following logic hierarchy may lead to 
sub-optimal solutions 

• Need scalable placement to generate 
physical hierarchy 

Example of Logic Hierarchy in Final Layout



How Good Are Existing Circuit Placement Tools ? 

• How do we know? It’s NP-hard!

• Placement examples with known optimal (PEKO)

• Up to 2 million placeable objects [Chang et al., TCAD’04]
• Initial WL gap: 1.6x – 2.5x (2003)

• Multiple EE Times articles coverage, e.g.
• Placement tools criticized for hampering IC designs [Feb’03] 

• Many downloads from our website
• Cadence, IBM, Intel, Magma, Mentor Graphics, Synopsys, …

• CMU, MIT, SUNY, UCB, UCSB, UCSD, UIC, UMichgan, 
UWaterloo, …

• Optimality gap on PEKO was narrowed down to ~20% as of 
2007 (from 60% - 150%)

• Improvement on real circuits as well
• 30+% improvement by mPL placer 2003-06
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Our Contribution 1:  Multi-Level Placement
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Initial Placement

§A static placement grid structure at each 
level in the multi-level process

§A hierarchical area density control for bin 
congestion

§A multi-level SA or analytical engine

Coarsening by clustering

Refinement by 
placement



Our Contribution 2: Density-Smoothed 
Constrained Optimization  

•Smoothing operator:

•Larger epsilon
• More local smoothing
• Slow convergence

•Smaller epsilon
• More global smoothing
• Faster convergence
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WL Minimization Under the Smoothed Density 
Constraints [ISPD 2005]

• Minimize wirelength subject to smooth density function:
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A Brief Review of Our Multilevel Placer mPL
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Relative 
Wirelength

year2000 2001 2002 2003 2004

UNIFORM 
CELL SIZEmPL 1.0 [ICCAD00]

• Recursive ESC clustering
• NLP at coarsest level
• Goto discrete relaxation
• Slot Assignment legalization
• Domino detailed placement

mPL 1.1
• FC-Clustering
• added partitioning to legalization

mPL 2.0 
• RDFL relaxation
• primal-dual netlist pruning

mPL 3.0 [ICCAD 03]
• QRS relaxation
• AMG interpolation
• multiple V-cycles
• cell-area fragmentation

mPL 4.0
• improved DP
• better coarsening 
• backtracking V-cycle

mPL5, mPL6 [ISPD 05 BPA]
• Multilevel Force-Directed

NON-UNIFORM 
CELL SIZE

Great recent progress in circuit placement: RePlace [Cheng2018], DreamPlace [Lin2019], DreamPlace3 [Gu2020]



Approach 3: Space-Time Co-
optimization for Interconnect Pipelining

(Early 2000s – present )
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We Were Losing the Fight for Keeping Single-cycle Cross-
chip Communication in Early 2000s …
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 ITRS’01 70nm Tech
 5.63 G Hz across-chip clock
 800 mm2 (28.3mm x 28.3mm)
 IPEM BIWS estimations

 Buffer size: 100x
 Driver/receiver size: 100x 

 From corner to corner:
 at semi-global layer (Tier 3)
 can travel up to 11.4mm in one cycle
 need 5 clock cycles 

J. Cong, et al, T-CAD 2004

 Single-cycle full chip synchronization is no longer possible

11.4 22.8 28.30
1 clock

2 clock

3 clock

4 clock

5 clock



Our Proposal: Regular Distributed Register 
(RDR) Architecture [T-CAD’2004]

233/17/25

Global Interconnect
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FSM

§ Use register banks:
§ Registers in each island are partitioned to k banks for 1 cycle, 2 cycle, … k cycle 

interconnect communication in each island
§ Highly regular
§ Goal:  high-frequency designs

1 cycle

2 cycle

k cycle

ADD

MUXMUL

Cluster with area constraint



MCAS: Placement-Driven Architectural 
Synthesis Using RDR Architecture [TCAD’04]
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CDFG

Interconnected Component 
Graph (ICG)

C / VHDL

Location information

Functional unit binding

Placement-driven 
rebinding & scheduling

Scheduling-driven placement

CDFG generation

Register and port binding

Datapath & FSM generation

Floorplan 
constraints 

Resource allocation
Resource constraints

RD
R A

rch. Spec.
Target clock period

RTL VHDL 
files 

Multi-cycle path 
constraints 

• Multi-Cycle Communication Architectural 
Synthesis (MCAS) System

§ Scheduling-driven placement

§ Placement-driven rescheduling & rebinding

• Limitations
§ The high-level synthesis (HLS) engine was not robust
§ Did not consider interconnect pipelining
§ Regularity imposes some overhead

• This idea has to wait for another 17 years to mature
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Development of Robust and Scalable HLS Tool

• xPilot (UCLA 2006) -> AutoPilot (AutoESL) -> 
Vivado HLS (Xilinx 2011-) 
• LLVM based compilation
• Platform-based C to RTL synthesis 
• Synthesize pure ANSI-C and C++, GCC-compatible 

compilation flow leveraging LLVM framework
• Full support of IEEE-754 floating point data types & 

operations
• Efficiently handle bit-accurate fixed-point arithmetic
• SDC-based scheduling
• Automatic memory partitioning 

• …

QoR matches or exceeds manual RTL  for many designs

TCAD April 2011 (keynote paper) “High-Level Synthesis 
for FPGAs: From Prototyping to Deployment”
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HLS with Automated Interconnect Pipelining
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• HLS modules or IP blocks are connected in the dataflow style

• Automated co-optimization of interconnect pipelining, floorplan, and HLS => 2X Fmax
• Parallel placement & routing => 5-7X productivity

IPs
(Verilog, HLS, IP, …)

Logical Interconnects 
(LiteX, Vivado IPI, etc.)The initial cell 

representing 
the FPGA device

The initial cell 
is divided into 
two child cells. 

Eventually form a 
2x4 grid of cells

Each cell is divided;
r0 divided into r00 ,
r01; r1 into r10 , r11

Initial State Iteration 1 Iteration 2 Iteration 3
r0

r1

r00

r01

r10

r11

row

col0 1

0

1

2

3

Interconnect 
Synthesis & 

Physical 
Optimization

(FPGA’21 Best 
Paper, 2X 

Frequency)
Layout-Guided 

Re-synthesis & Composition

Parallel 
Placement & 

Routing
(FPGA’22 Best 

Paper, 5-7X 
Compilation 
Speed Up)

Final Bitstream



A Case Study 
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• Systolic array for Gaussian elimination, 8 configurations

• Difference in Resource Utilization
• LUT: +0.14%
• FF: +0.04%
• BRAM: +0.03%
• DSP: +0.00%

DDR-0

DDR-1

DDR-2

Comparison of the 24x24 Design on U250 
AutoBridgeVivado

Vivado: avg. 245 MHz Vivado : avg. 223 MHz

AutoBridge: 334 MHz (1.4X) AutoBridge: 335 MHz (1.5X)



Approach 4: Novel Technologies for 
Interconnects

(Early 2000s – present )
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Exploration 1: 3D-IC Designs (Early 2000s)

c
b

d
a

a,b,c,d

a

c
b

d

Stacking Legalization
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Local stacking transformation

Folding-2 transformation Folding-4 transformation

J. Cong, G. Luo, J. Wei, and Y. Zhang. Thermal-Aware 3D IC Placement via Transformation. ASP-DAC 2007, Yokohama, Japan, 
(The ASP-DAC 2017 Ten-Year Retrospective Most Influential Paper Award).

Achieve 2x wirelength reduction 
Compared with 2D mPL5 with 
four device layer 

http://dl.acm.org/citation.cfm?id=1323351.1323523&coll=DL&dl=ACM&CFID=414416762&CFTOKEN=32164126


Many Studies on 3D Physical Design and Architecture 
Exploration
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Springer Publishers, 2009.



But Industry Adoption of 3D Technologies is Slow …
Not until late 2010s (a Decade Later)

• AMD EPYC 9004 Series 
Processors with AMD 3D 
V-Cache™ Technology
• 3D die stacking
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• HBM
• 3D-stackedsynchronous 

dynamic random-access 
memory

• 12 layers

From AMD website: 
https://www.amd.com/en/products/process
ors/technologies/3d-v-cache.html

From MICRON website: 
https://www.micron.com/products/memory/hbm/

• Xilinx Multi-Die FPGA

[Guo et al, FPGA’21]

https://www.amd.com/en/products/processors/technologies/3d-v-cache.html
https://www.amd.com/en/products/processors/technologies/3d-v-cache.html
https://www.micron.com/products/memory/hbm/


 Use of resistive RAM (RRAM)
 Functioning as a routing switch
 May build up programmable interconnects

 Stack RRAM over CMOS
 Built a physical prototype with automated P&R
 >50% savings in area, latency and power

compared to pure CMOS design

Our Effort to Promote Use of 3D Technologies: RRAM-Based 
FPGAs with 3D Stacking [T-VLSI’13]
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LLM on 3D FPGA with Back-End-of-Line Transistors [DAC’25]
System Versal VPK180

Area 736.0 mm2

Delay 4.17 ns

AT2 12798.9 mm2×ns2

Projected M3D design for LLM

LLM Model: Llama 3.1 8B on 2D FPGA [FCCM’25]

System M3D FPGA

Area 423.8 mm2

Delay 3.31 ns

AT2 4643.2 mm2×ns2

2.76x Projected 
AT2 Improvement

Si AT2 M3D AT2

CONV 15380.8 3812.2

FFT 224.7 51.2

GEMM 733.23 187.7

PIs: Shimeng Yu, Jason Cong
Students: Faaiq Waqar, Jiahao Zhang, Zifan He3/17/25 33
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Exploration 2: Use of On-Chip Multiband RF-Interconnects

• In TX, each mixer up-converts individual baseband streams into specific 
frequency band (or channel)

• N different data streams (N=6 in figure above) may transmit simultaneously on the 
shared transmission medium to achieve higher aggregate data rates

• In RX, individual signals are down-converted by mixer, and recovered after low-
pass filter
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Courtesy of Frank Chang



RF-Interconnects in Customizable Heterogeneous Platform 
(CHP) [Expeditions in Computing Proposal, 2009]

Customizable NoC 
parameters
§Interconnect topology 
§ # of virtual channels
§ Routing policy
§ Link bandwidth
§ Router pipeline depth
§ Number of RF-I enabled 
routers
§ RF-I channel and 
bandwidth allocation
§…

Customizable Heterogeneous Platform 
(CHP)

$ $ $ $

Fixed
Core

Fixed
Core

Fixed
Core

Fixed
Core

Custom
Core

Custom
Core

Custom
Core

Custom
Core

Prog
Fabric

Prog
Fabric

Prog
Fabric

Prog
Fabric

Reconfigurable RF-I bus
Reconfigurable optical bus
Transceiver/receiver
Optical interface
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Approach 5: From Interconnect to 
Entanglement

(Late 2010s – present )

Can "spooky action at a distance” bypass interconnects?
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A Simple Example of Quantum Circuits 

• Hadamard gate 𝐻 = !
"
1 1
1 −1

• CNOT: 
• First qubit: control, second qubit: target

00 → 00
01 → 01
10 → 11
11 → 10
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|0⟩

|0⟩

H

0 + |1⟩
√2

00 + |11⟩
√2

|1⟩=

|0⟩=
I.e., any unit vector in the 
Hilbert space spanned by 
basis vectors |0> and |1>.

A qubit can be visualized as a 
point on the Bloch sphere.



Quantum Layout Synthesis (QLS)

q0 X T • • T
† •

g0 g4 g14

q1 X T • T
†

g1 g5 g8 g12 g15 g18

q2 • T • • T
† •

g6 g11 g16

q3 H T
† • T S • H

g2 g3 g7 g9 g10 g13 g17 g19 g20 g21 g22

Input Circuit of Adder 𝒒𝟎

𝒒𝟏

𝒒𝟐

𝒒𝟑

CX on a pair of non-adjacent qubits! 

Insert SWAP gate to change the mapping
SWAP

CX on a pair of adjacent qubits, OK.

Coupling Graph of IBM QX 2

# Input quantum program
x q[0];
x q[1];
h q[3];
cx q[2], q[3];
t q[0];
… † means Hermitian conjugate, which is straightforward once we have the original 

gate implementation. 
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Need to Support Diverse QC Platforms

• Superconducting devices
• With different topologies

• Neutral Atom devices 
• Qubit movement

[Bluvstein et al., Nature’22]
Both types can be supported using the SMT formulation: OLSQ2 [DAC’23] and OLSQ-DRAA [ICCAD’22]
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Sycamore
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[Barends et 

al., …
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Surprise! Even at the Current Scale, Existing QLS 
Tools are Far Away from Optimal!  [DAC’25]

• Evaluated on IBM Eagle 
architecture (127 qubits)

• Circuit size: 3000 2Q gates

• Average optimality gap: 233.97x
• SABRE is adopted in IBM Qiskit

413/17/25



Multi-level framework for QLS

42

initial mapping Clustering Clustering

Clustering

Interpolation

Refinement
RefinementRefinement

Interpolation

Interpolation

3/17/25



Result from Multi-level QLS
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• 36% reduction in optimality gap
• Still a lot of room for improvement

ML-QLS
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Some Concluding Remarks and Lessons Learned

• Use the right models to guide optimization
• Trade-off between accuracy and complexity: e.g. Elmore delay model

• Device and CAD co-optimization
• E.g. exploration of 3D architectures

• Space and time co-optimization
• “Time and space are modes in which we think, not in which we exist”

-- Albert Einstein

• Be patient – some technology adoption takes time (e.g. 3D IC)
• Physical design is valuable to  build a digital twin or cousin for concept validation 

• E.g. 3D-stacked RRAM-based FPGAs 

• Choose a problem of long-lasting impact
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Interconnect Roadblock

Moore’s Law

Topology / 
Width 

Optimization

Scalable 
Placement3D IC/RF

Interconnect 
Pipelining Entanglement
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Interconnect 
Roadblock

Moore’s Law

Topology / 
Width 

Optimization

Scalable 
Placement3D IC/RF

Interconnect 
Pipelining Entanglement

Powered by 
Moore’s Law
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Many Interconnect Challenges Ahead

A serious concern:

• Copper is difficult to further scale
• First introduced at 0.25um

• Copper mean free path = 40nm

• Resistivity of a 10nm wide Cu line > 
4 x Resistivity of bulk material 

• Need to search for new materials

473/17/25

Fig. 1. Origin of increased resistivity. An exponential increase in electron scattering 
in metal lines is attributed to the abrupt increase in metal resistance.
Source: Kim et al., Science 2024
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Placement Examples with Known Optimal (PEKO) Wirelength [Chang 
et al., TCAD’04]

3/17/25

• All the modules are of equal size

• For 2-pin nets, connect any two adjacent modules

• Net degree distributions extracted from real industrial 
benchmarks
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