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What is the problem?

CLB CLB CLB CLB CLB

CLB CLB CLB CLB CLB

CLB CLB CLB CLB CLB

SB

Which switches should the SB have?
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Isn’t switch-pattern design a closed problem?
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Academic assumptions
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Industrial reality

H1, H2, H4, H12
V1, V2, V6, V12, V18 

Fs = 16

[1] Petersen, Nikolić, and Stojilović. NetCracker: A Peek into... 7-Series FPGAs. FPGA’21
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Technology driving change

N16: Wu et al.,

      "A 16nm FinFET CMOS technology for mobile SoC and
      computing applications",

      IEDM'13

N7:  Wu et al.,

     "A 7nm CMOS platform technology featuring
      4th generation FinFET transistors with a 0.027 um2
      high density 6-T SRAM cell for mobile SoC applications",

      IEDM'16

N3: Prasad et al.,

     "Buried power rails and back-side power grids:
      Arm® CPU power delivery network design beyond 5nm",

      IEDM'19

[1] Nikolić, Catthoor, Tőkei, and Ienne. Global Is the New Local. FPGA’21 7
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Technology driving change

[1] Ganusov and Iyer. Agilex Generation of Intel FPGAs. Hot Chips’20
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Technology driving change

“Carefully designed routing pattern to maintain and improve routability”
7



Two dilemmas

• How to catch up with industry?

• Shouldn’t academia set the pace? (like it did 20 years ago)
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How do we explore FPGA
architecture?



A classic approach
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Classical FPGA Architecture Exploration

Architecture model

K 2, 3, 4, 5, 6, 7

K = 2

K = 3

K = 4

K = 5

K = 6

K = 7

K = ?
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Classical FPGA Architecture Exploration

Benchmark
circuits

Placement

Routing
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CAD FLOW
Architecture
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Performance
metrics

K
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Ahmed and Rose, 2004

Ar
ea

D
el

ay

Ahmed and Rose. The  Effect  of  LUT  and  Cluster  Size on  Deep-Submicron  FPGA Performance and Density, TVLSI, 2004
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Classical FPGA Architecture Exploration

(K-1)-LUT

(K-1)-LUT

K-1

K-LUT

What about K > 7?
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Classical FPGA Architecture Exploration

Similar bounds exist for

• cluster size (crossbar area Θ(N2))

• channel wires (tLmax < tL ′ + tL”,∀L ′, L” < Lmax)
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How did academic research lead the way?

Academic research has been able to quickly explain commercial FPGA
architecture design choices and even drive innovation (e.g., Stratix)
through design space exploration
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Classical FPGA Architecture Exploration

What about switch-blocks?

(apologies for a bit of an exaggeration)
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Classical FPGA Architecture Exploration

What about switch-blocks?

(apologies for a bit of an exaggeration)

19
90

Some very smart people at UoT
get an idea

Rose and Brown'91

19
96

Some very smart people in
Texas and Hong Kong

 get an idea

UNIVERSAL

19
97

A very smart person
at UoT

gets an idea

WILTON

19
8*

A very smart engineer at Xilinx
gets an idea

SUBSET

13



Classical FPGA Architecture Exploration

What about switch-blocks?

(apologies for a bit of an exaggeration)

13



Classical FPGA Architecture Exploration

What about switch-blocks?

(apologies for a bit of an exaggeration)

13



Classical FPGA Architecture Exploration

What about switch-blocks? (apologies for a bit of an exaggeration)

13



Can’t we automate switch-block exploration too?
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Can’t we automate switch-block exploration too?

How big is N?

W = 10

210×30
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Avalanche Search



An Intuitive Solution: Iterative Improvement

Search engine
(e.g., simulated annealing)

Routing
algorithm

switch-block

score

[1] Lin, Wawrzynek, El Gamal. Exploring FPGA routing architecture stochastically. TCAD’10
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Using the router as a black box

to evaluate enumerated solutions

is inefficient



Imagine this restaurant service...

How do you like your soup Sir?

Hmmm... 3/10!
Let me fix it for you Sir!

I'll be right back!

19



Some things are best left to the consumer

Thai
food truck

at
EPFL

spices

Consumer of switch-block connectivity patterns is the routing algorithm
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A very brief review of PathFinder

1: for (u, v) ∈ E do
2: path[(u, v)] = shortest_path(u, v)
3: end for

[1] McMurchie and Ebeling. PathFinder: A Negotiation-Based Performance-Driven Router for FPGAs, FPGA’95 21



A very brief review of PathFinder

1: for (u, v) ∈ E do
2: path[(u, v)] = shortest_path(u, v)
3: end for

[1] McMurchie and Ebeling. PathFinder: A Negotiation-Based Performance-Driven Router for FPGAs, FPGA’95 21



A very brief review of PathFinder

1: for (u, v) ∈ E do
2: path[(u, v)] = shortest_path(u, v)
3: end for

[1] McMurchie and Ebeling. PathFinder: A Negotiation-Based Performance-Driven Router for FPGAs, FPGA’95 21



A very brief review of PathFinder

1: for (u, v) ∈ E do
2: path[(u, v)] = shortest_path(u, v)
3: cost(w) += α, ∀w ∈ path[(u, v)]
4: end for

[1] McMurchie and Ebeling. PathFinder: A Negotiation-Based Performance-Driven Router for FPGAs, FPGA’95 22



A very brief review of PathFinder

1: for (u, v) ∈ E do
2: path[(u, v)] = shortest_path(u, v)
3: cost(w) += α, ∀w ∈ path[(u, v)]
4: end for

[1] McMurchie and Ebeling. PathFinder: A Negotiation-Based Performance-Driven Router for FPGAs, FPGA’95 22



A very brief review of PathFinder

1: for (u, v) ∈ E do
2: path[(u, v)] = shortest_path(u, v)
3: cost(w) += α, ∀w ∈ path[(u, v)]
4: end for

[1] McMurchie and Ebeling. PathFinder: A Negotiation-Based Performance-Driven Router for FPGAs, FPGA’95 22



[McMurchie95, Betz98]

23



[McMurchie95, Betz98]

23



[McMurchie95, Betz98]

23



[McMurchie95, Betz98]

23



[McMurchie95, Betz98]

23



How to avoid listing individual solutions?

Benchmark
circuits

Placement

Routing

Synthesis

CAD FLOW
Architecture

model

Performance
metrics

SWITCH
BLOCK

SWITCH
BLOCK

SWITCH
BLOCK

LUT 2

1
2

K

LUT N

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

routing channel
switch-block 1

SWITCH
BLOCK

SWITCH
BLOCK

SWITCH
BLOCK

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

local interconnect
(roughly approximates a clique)

routing channel
switch-block 2

SWITCH
BLOCK

SWITCH
BLOCK

SWITCH
BLOCK

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

local interconnect
(roughly approximates a clique)

routing channel
switch-block N

24



How to avoid listing individual solutions?

Benchmark
circuits

Placement

Routing

Synthesis

CAD FLOW
Architecture

model

Performance
metrics

SWITCH
BLOCK

SWITCH
BLOCK

SWITCH
BLOCK

LUT 2

1
2

K

LUT N

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

routing channel
switch-block 1

SWITCH
BLOCK

SWITCH
BLOCK

SWITCH
BLOCK

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

local interconnect
(roughly approximates a clique)

routing channel
switch-block 2

SWITCH
BLOCK

SWITCH
BLOCK

SWITCH
BLOCK

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

local interconnect
(roughly approximates a clique)

routing channel
switch-block N

Listing subsets of  wires    wires

24



How to avoid listing individual solutions?

Benchmark
circuits

Placement

Routing

Synthesis

CAD FLOW
Architecture

model

Performance
metrics

SWITCH
BLOCK

SWITCH
BLOCK

SWITCH
BLOCK

LUT 2

1
2

K

LUT N

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

routing channel
switch-block 1

SWITCH
BLOCK

SWITCH
BLOCK

SWITCH
BLOCK

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

local interconnect
(roughly approximates a clique)

routing channel
switch-block 2

SWITCH
BLOCK

SWITCH
BLOCK

SWITCH
BLOCK

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

local interconnect
(roughly approximates a clique)

routing channel
switch-block N

Listing subsets of  wires    wires

[McMurchie95, Betz98]

24



How to avoid listing individual solutions?

Benchmark
circuits

Placement

Routing

Synthesis

CAD FLOW
Architecture

model

Performance
metrics

SWITCH
BLOCK

SWITCH
BLOCK

SWITCH
BLOCK

LUT 2

1
2

K

LUT N

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

routing channel

switch-block 1

SWITCH
BLOCK

SWITCH
BLOCK

SWITCH
BLOCK

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

local interconnect
(roughly approximates a clique)

routing channel

switch-block 2

SWITCH
BLOCK

SWITCH
BLOCK

SWITCH
BLOCK

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

LUT 1

1
2

K

LUT 2

1
2

K

LUT N

1
2

K

local interconnect
(roughly approximates a clique)

routing channel

switch-block N

Listing subsets of  wires    wires

[McMurchie95, Betz98]

the more useful it is in the architecture

The more paths use a switch
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How to avoid listing individual solutions?
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Represent all possible switches

the more useful it is in the architecture

The more paths use a switch 

Construct the solution from the most-used ones
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Avalanche Search [Nikolić and Ienne. Turning PathFinder Upside-Down. FPL’21]

1. switches marked for fabrication← {}

2. all possible switches can be used at cost C

3. let PathFinder route the circuits

4. if no unmarked switches are used, done

5. mark n most-used unmarked switches and set their cost to 0

6. goto 3
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Avalanche Search [Nikolić and Ienne. Turning PathFinder Upside-Down. FPL’21]

Final switch-pattern
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Where is the “avalanche”?



Avalanche costs

3 3 3

3 3 3

FPGA

A'A

3 3 3

B'B

No congestion ✓

But, switch-block must include
both the straight and the slanted switch
where one may suffice

[1] Nikolić and Ienne. Turning PathFinder Upside Down, FPL’21, Best Paper Award
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How does PathFinder achieve signal spreading?

Congestion cost:

• all wire instances (individual rr-graph nodes) are initially cheap

• their cost increases “ in proportion with” conflict magnitude

[1] Nikolić and Ienne. Turning PathFinder Upside Down, FPL’21, Best Paper Award
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How does PathFinder achieve signal spreading?

We need concentration instead of spreading

=⇒ apply the same principle in reverse

[1] Nikolić and Ienne. Turning PathFinder Upside Down, FPL’21, Best Paper Award
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Avalanche costs

Avalanche cost:

• all switches are initially expensive

• their cost drops in proportion with
how many of their instances are used

[1] Nikolić and Ienne. Turning PathFinder Upside Down, FPL’21, Best Paper Award
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Avalanche costs

3 3 3

3 3 3

FPGA

A'A

3 3 3

B'B

"Avalanche"

[1] Nikolić and Ienne. Turning PathFinder Upside Down, FPL’21, Best Paper Award 30



Avalanche costs: effect

[1] Nikolić and Ienne. Turning PathFinder Upside Down, FPL’21, Best Paper Award
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Avalanche costs: effect

[1] Nikolić and Ienne. Turning PathFinder Upside Down, FPL’21, Best Paper Award
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Avalanche costs: function

Congestion cost: b(u)× (1+ pfac × O(u))× (1+ hfac × Ch(u))

Avalanche cost: max (0, C(u) − (ap × U(u) + ah × Uh(u)))

U(u)—present number of SBs in which switch u is used

Uh(u)—cumulative (historical) number of SBs in which switch u was used

[1] Nikolić and Ienne. Turning PathFinder Upside Down, FPL’21, Best Paper Award
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Update U(u) as well
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Update Uh(u) as well

33



Avalanche vs congestion costs

Congestion

• unique for each wire instance

• penalizes using same wire
instances by different nets

Avalanche

• common to all insatnces
of the same switch

• awards using same switch
types by different nets
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CLB CLB CLB CLB CLB

CLB CLB CLB CLB CLB

CLB CLB CLB CLB CLB

SB

All instances of the same switch share the same avalanche cost
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Avalanche vs congestion costs

Congestion

• unique for each wire instance

• penalizes using same wire
instances by different nets

Avalanche

• common to all insatnces
of the same switch

• awards using instances of the
same switch by different nets

36



Effectiveness of Avalanche Search



A more physical view of Island-Style FPGAs: stacked LUTs
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[1] Lewis et al. Architectural Enhancements in Stratix V. FPGA’13 37



A more physical view of Island-Style FPGAs: wires on top
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[1] Lewis et al. Architectural Enhancements in Stratix V. FPGA’13 38



A more physical view of Island-Style FPGAs: muxes on the side
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[1] Lewis et al. Architectural Enhancements in Stratix V. FPGA’13 39



A more physical view of Island-Style FPGAs: distributed channels
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[1] Chromczak et al. Architectural Enhancements in Intel Agilex FPGAs. FPGA’20 40



A more physical view of Island-Style FPGAs: distributed SBs
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[1] Chromczak et al. Architectural Enhancements in Intel Agilex FPGAs. FPGA’20
(our guess)

41



A more physical view of Island-Style FPGAs: no intermediate taps
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[1] Chromczak et al. Architectural Enhancements in Intel Agilex FPGAs. FPGA’20 42



Our best manual effort (4nm; 16 wires; 564 possible switches)

<Fs> = 11.25

[1] Nikolić, Catthoor, Tőkei, and Ienne. Global Is the New Local. FPGA’21
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Avalanche Search

• 3 MCNC circuits used in exploration

• 17 MCNC circuits used for testing

• converged in 36 iterations
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Avalanche Search

<Fs> = 11.25

<Fs> = 4.875

-5.48%

-9%
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Simulated annealing

• inspired by [1]

• each move is addition or removal of a single switch

• cost function is a combination of tile area and
geomean routed critical path delay of the same 3 MCNC circuits

• low-temperature anneal of the manual switch-pattern

• 100 temperature changes

• 100 moves per temperature

[1] Lin, Wawrzynek, El Gamal. Exploring FPGA routing architecture stochastically. TCAD’10
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Simulated annealing

<Fs> = 11.25

<Fs> = 13.125

+6.16%
+0.32%
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Simulated annealing

With a better cost function, directed moves, etc., it would likely work better
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Routability

Testing on

• 10 Gnl [1] circuits

• each with ∼ 10 000 LUTs

• all with Rent’s exponent 0.7

[3] Stroobandt, Depreitere, and Campenhout. Generating new benchmark designs.
Integration’99
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Routability

Congested nodes after 300 PathFinder iterations [%]

• only 1/10 circuits was routed
• sparsification of the switch-pattern was enabled by MCNC circuits not
requiring the channel width dimensioned for larger circuits
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Routability: remedy

Perform additional iterations of Avalanche Search,
this time using one Gnl circuit per iteration
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Routability: remedy

Number of iterations until congestion is resolved

converged in 3 iterations

added 6 more switches (now 84)

routed delay went up from 1.38 to 1.39 ns

all 10 Gnl circuits are routable
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Regularizing Avalanche Search



Layout prefers regularity
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Layout prefers regularity

If multiplexers are 6:1:

• fewer memory cells are needed (normal 2-level 6:1 needs 4 SRAMs)

If two multiplexers share 5/6 inputs:

• much more compact layout (diffusion sharing)
• fewer vias
• shorter wiring
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Layout prefers regularity

Can we constrain Avalanche Search to produce only regular solutions?
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Avalanche Search [Nikolić and Ienne. Turning PathFinder Upside-Down. FPL’21]

1. switches marked for fabrication← {}

2. all possible switches can be used at cost C

3. let PathFinder route the circuits

4. if no unmarked switches are used, done

5. mark n most-used unmarked switches and set their cost to 0

6. goto 3
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Key points: constructing a feasible solution

After step 3 (PathFinder routing):

1. Encode any regularity constraints
(e.g., for layout or CAD tools)
as an Integer Linear Program (ILP)

2. Let ILP maximize PathFinder’s “desire” (usage of different switches)
while satisfying the above constraints
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Key points: updating costs

For switches in the ILP solution (satisfying regularity constraints)

1. Mark n most-used unmarked switches and reduce their cost to 0

For switches not in the ILP solution (violating regularity constraints)

1. Assign full cost with no discount
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Key points: ensuring that constraints are met

• Final pattern is the last ILP solution
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Regularizing Avalanche Search

1. switches marked for fabrication← {}

2. all possible switches can be used at cost C
3. let PathFinder route the circuits
4. if iterations expanded =⇒ return the last ILP solution
5. solve the ILP, always retaining marked switches
6. mark n most-used unmarked switches from ILP’s solution
and set their cost to 0

7. goto 3
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Input sharing: delay
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Input sharing: delay
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Input sharing: routability
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Input sharing: routability
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Runtime scalability



Routing graph size

• embedding the entire design space in the routing graph
increases its size significantly

• this slows down shortest path search
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A*

• avalanche costs can drop to zero

• for the lookahead to be admissible, we must compute it
for all avalanche costs at zero

• this makes it very ineffective when switch usage is low
(costs ∼ 1000× base costs)
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A*: possible remedy

• store the minimum number of unmarked nodes to reach each tile

• multiply this number by the current lowest cost
of an unmarked switch

• maybe some more preprocessing can be afforded as avalanche costs
are common to all instances of the same switch, unlike congestion

60



Conclusions

• we now have a method for automatically designing switch-patterns
without explicitly listing and testing solutions
(previously a fundamental bottleneck)

• we can also make the solutions respect arbitrary constraints

• because the method operates on a routing graph, it could be useful
for other aspects of interconnect (e.g., intracluster connectivity,
channel segmentation, etc.)

• more work is needed to resolve the A* issues
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