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Advanced Package

● Heterogeneous Integration

● Interconnections with Redistribution Layers (RDLs)
– Multi-layer RDL routing and via placement
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D2D vs. D2S Routing
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Challenges in D2D Routing

● Ultra-dense D2D connections

● Vias consume routing resources
– Large via size

– Staggered vias & teardrops

● Any-angle routing

● Asymmetric pin row structure
– Arbitrary pin order

– uneven row counts

● Full shielding
– Signal integrity

– Needs space reservation
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Comparison of RDL Routing Works for Advanced Package
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● VD: Voronoi Diagram

● (C)DT: (Constrained) Delaunay Triangulation

● Tri-Trap: Triangle-Trapezoid hybrid model
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Contributions

● First general dense D2D routing framework
– Handles asymmetric pin-row structure, via constraints and shielding reservation

● Globally optimized Concurrent route & Via-routing co-optimization framework

● Efficient acceleration techniques
– Crossing pair identification & Net grouping to reduce problem size in routing path 

candidate generation

● High-quality and scalable routing results
– Overflow-free & DRV-free with short wirelength

– Efficient empirical time complexity
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Problem Formulation

● Given:
– A two-pin netlist with pre-placed pins of D2D design

– Routing boundary 

– A set of design rule constraints

■ Spacing constraints (wire-wire, wire-via, via-via)

■ Maximum allowed consecutive stacked vias

■ Teardrop length and staggered via length

● Output:
– Overflow-free & DRV-free any-angle routing result

● Objective: 
– Minimize routing layer usage

– Minimize total wirelength
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Overall Framework Global Routing

Routing Graph Construction

Routing Path Generation

Look-Ahead Future Layer Assignment

Via/Teardrop Candidates Generation

ILP Binary Candidate Decision
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Routing Graph Construction
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Candidate Generation for Concurrent Optimization
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Routing Path Generation

● Generate corresponding state sequences according to pin topology
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Dynamic Programming Process 

● 𝑇(𝑎, 𝑏) = state considering 𝑆𝐿 0: 𝑎 and S𝑅 0: 𝑏

● Transition (for matched pins): 
T 𝑎, 𝑏 = max{T 𝑎 − 1, 𝑏 , T 𝑎, 𝑏 − 1 , T 𝑎 − 1, 𝑏 − 1 + 𝑠𝑐𝑜𝑟𝑒(𝑆𝑎

𝐿 , 𝑆𝑏
𝑅)}

● Scoring function 𝑠𝑐𝑜𝑟𝑒(∙)
– Prefer near-center, close-row nets 

– Prioritize rejected nets

L\R … 3 4 5 …
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4 B

3

...

Case A Case CCase B
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Acceleration: Crossing Pair Identification & Net Grouping

● Reduced sequence:
– L: 0203*ABCDCBA

– R: 202C3*CDBABD
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Look-Ahead Future Layer Assignment

● Help decide stacked or staggered vias

● Define 𝑅𝑒𝑚𝑎𝑖𝑛𝑆𝑡𝑘(𝑣) as number of remaining allowable stacked vias

● Apply DP for layer assignment

Layer 0 Layer 1
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Via/Teardrop Candidate Generation
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ILP Binary Decision Making

● Given the favorable routing paths and via arrangement from previous steps, 

apply ILP to globally optimize the overall decision
– Each candidate would be a binary variable (Accept/Reject)

– This formulation is very efficient for ILP solving

● Binary variables
– Path, Stacked via, Staggered via, Teardrop candidates

● Connectivity constraints
– Both sides should be aligned

● Capacity constraints
– Path capacity, cut-edge capacity, induced bottleneck

● Objective:
– Maximize weighted sum of selected candidates

■ Path > Stacked via > Staggered via

Routing Path Generation

Look-Ahead Future Layer Assignment

Via/Teardrop Candidates Generation

ILP Binary Candidate Decision
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Route Realization

● Since sufficient space is reserved by previous planning step, we can always 

find a feasible solution
– Place the selected routing paths according to routing graph and spacing constraints

– Select an appropriate teardrop angle
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Experimental Setup

● Language

– C++

● Platform

– MacBook Pro with M2 chip, 8-core CPU and 16GB RAM 

● ILP solver

– Gurobi v12.0.2

● Geometry computation 

– Boost Library

● Benchmark

– 16 industrial-derived test cases

■ 8 asymmetric pin row cases

■ 8 aligned pin row cases

● Comparison

– AAR [Chung+, DAC23]

■ Initial iteration, Final iteration (𝑚𝑎𝑥_𝑖𝑡𝑒𝑟 = 100)

– SR [Chang+, ASPDAC’25]

■ Aligned pin row cases only

AAR 

[DAC’23]

Dynamic Via 

Insertion [DAC’24]

SR 

[ASPDAC’25]

Any-angle Yes No Yes

Asymmetric pin row 

structure handling
Partial Partial No

Foundation General X-architecture Row-based
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Benchmark

● 𝑃2𝑃 𝐷𝑖𝑠𝑡: total pin-to-pin Euclidean distance
– Very loose lower bound for wirelength

● #𝑆𝑡𝑎𝑐𝑘: Maximum number of allowed consecutive stacked vias

● #𝐿𝑎𝑦𝑒𝑟: Maximum number of routable layers
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Routability and Runtime Comparison -- Asymmetric

● Sequential route methodology is not the best approach for dense D2D routing
– Limited improvement after 100 iterations of rip-up and reroute

● Rout: routability, RT: runtime
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Routability and Runtime Comparison -- Symmetric

● Rout: routability, RT: runtime, WL: total wirelength
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Wirelength Comparison & Analysis -- Asymmetric

● Total WL: Unrouted nets’ wirelength set to HPWL of D2D corridor

● R. avg & R. std only consider routed nets
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Wirelength Comparison & Analysis -- Symmetric
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Effectiveness of Acceleration Techniques

Case stat. Runtime (s)

#Net, #Row(L,R) Original DP + Crossing Pair + Net Grouping

8, (3,2) 17.2 9.7 9.7

12, (3,2) 29.1 21.8 10.2

24, (5,3) 56.2 24.1 18.6

36, (6,4) 108.5 37.0 26.7

50, (7,5) 207.8 73.9 38.2

Total 418.8 166.5 103.4

Ratio 4.05 1.61 1.00
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Routability with Different Sparsity

● AAR couldn’t achieve 90% routability even after removing 60% of nets

Ours (30% removal)

AAR (30% removal)
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Runtime Analysis

● Empirically, our algorithm can generate the routing result in 𝑂(𝑛1.06) time, 

where 𝑛 represents the number of nets in an instance 
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Shielding-aware Routing Results

● Routing resource reserved through design rule remapping
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Conclusions

● Propose a general D2D routing framework with concurrent route and 

via-routing co-optimization
– Generalizes to asymmetric pin row structure

– Considers shielding space reservation

● Propose efficient acceleration techniques to enhance scalability
– Crossing pair identification for early conflict pruning

– Net grouping to further reduce problem size in path candidate generation

● Experimental results show that our algorithm can produce high-quality 

routing results efficiently
– 100% routability across all test cases, near-optimal wirelength

– 𝑂(𝑛1.06) empirical time complexity
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Thank you
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