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_UE.S_ Design: The Ancient Way

e An ancient rope-and-pulley “computer” on the island of Apraphul
(=~ A.D. 850).

— Joke by A. K. Dewdney, Computer Recreations, Scientific American, April
1988.
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(b) SSI implementation.
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(a) 4-bit comparator.
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|Digital Design: FPGAs

FPGA Design Process

A new chip technology (Xilinx 1985).
A (re)programmable logic device that implements multi-level logic.
Programmed by users to implement circuit designs.

No fabrication step.

— Low prototyping cost. Figure: Traditional ASIC design process vs FPGA design process.

— Short manufacturing time.
High density (Xilinx XC4000XV: 500 K).
Popular applications: prototyping, low- and medium-volume pro-

duction, logic emulation, DSP designs, reconfigurable computing,
network components, etc.
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e Logic modules + Routing resources + I/O cells = FPGAs.



FPGA Architecture Analogy

' The FPGA Model|
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Routing in FPGAs
e Routing resources = Prefabricated wire segments 4+ Pro-

grammable switches.

— Feasibility of FPGA design is most constrained by routing re-
_O.PU _UwOnmmm_ sources [Trimberger & Chene '92].

e Routing = programming the switches.

@@@ Aﬂ% m‘w@@ .ﬂﬂ% — Routing delays most limit the performance of FPGAs [Bhat &
Hill '92].

T NA ™ e Important to consider switch-module and segmentation architec-

G b @ tures.

logic optimization technology mapping placement routing
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' Switch-Module Models|

e Two types of switch modules:

— switch block

— switch matrix: crossing switches and separating switches.

switch

separating switch

e Six types of nets:

terminals
o
crossing
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(a) switch block (b) switch matrix
(W=3, Fs=3) (W=4)
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Routing on a Switch Module
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e Routing requirement vector (RRV): @ = (n1,np,.
is the number of type-i nets.

e How many routable RRVs?

e Goal:

(0,1, 1,0, 1, 0) is routable
(2,0,0,0,0,0) is NOT routable

Maximize # of routable RRVs.

..,ng), where n;
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Switch-Module Design |

e Maximize routability under area (total # of switches) constraints.

routability

more switches fewer switches

e First consider switch blocks with Fg = 3 (6W switches).

— Routing completion is often achieved when Fg = 3 [Rose &
Brown '91].

— The switch blocks used in the Xilinx XC4000 family FPGAs
have Fg = 3.
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Effect of Switch-Block Topologies on Routing|
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e Feasibility of routing ((O: routable; x:unroutable)

RRV S1 [ S>[S3]S4a] S5 Sg
(1,1,1,0,1,0) O]l O] 0O X X X
(1,1,0,1,0,1) O|O|O|x|0|0
AH,O 1,1,0,0) O | O X O X O
(1,0,0,0,1,1) O | O X O | O X
(0,1,1,0, o 1) Ol O | x X X O
(0,1, o 1, H,ov Ol O | x x | O | x
(0,0,1,1,1,1) O] 0] 0] 0 X X

# other wo_.:”m_u_m RRVs | 49 | 49 [ 49 | 49 | 49 | 49
# routable RRVs 56 [ 566 | 52 | 52 [ 52 [ 52

e S1: Symmetric switch block; S3: Xilinx XC4000-type switch block.
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|Universal Switch Modules|

e A switch module S of size W is called universal if the following
inequalities are the necessary and sufficient conditions for an RRV

7 = (n1,...,ng) to be routable on S:
ny+nz+ng < W
np+nz+ng < W
ny+ng+ng < W
no +ng+ng < W
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e A universal switch module has the maximum routing capacity (#
of routable RRVs).

e Goal: Find a universal switch block with the minimum # of switches.
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|A Universal Switch Block|

e Symmetric switch blocks:

%Aﬁ%

=3
jm ST
Lﬁ

e Theorem: The symmetric switch block is universal.
routing vector routable!

(1,0,1,1,0,0) ] 1
1

1
I

/T/\P\

e The symmetric switch block contains only 6W switches.

e Theorem: No switch block with less than 6W switches can be
universal.

e Question: Any other universal switch blocks with Fg = 37
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|[A Well-Known Switch Block|

e Xilinx XC4000-type switch block (Fg = 3)

w=2 | | routing vector ~ not routable! not routable!
,\/ I N (1,0,1,1,0,0) ] \_v/,_
YA NI N
4 N 1 1 ¢ -+
-ﬁ/#,\%\\\/- \/ /, -4% N
N < 1 \] vév\ r\
T T ]

e It is not universal!

e Question: Does there exist a universal switch block with Fg = 37
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|Other Universal Switch Blocks|
e Pin permutations induce isomorphic switch blocks.
1 2 2 1 4 3
N 2N TS
m«w_ﬁvw/‘w 73 7 \(4 NP ! PR b
PaN P
ﬂ4ﬁ\\_7ub qbﬂg\“ﬂ\mh m4 /\/ Wh mA\v‘_7 W\VN
N AN Ly N>y
6 5 5 6 m m 5 6

e Theorem: Any two isomorphic switch blocks have the same rout-
ing capacity.

e All switch blocks isomorphic to the symmetric switch block are
universal.

e Question: How good is a universal switch block?

— Need to analyze its routing capacity!
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XC4000-Type Switch W_Onxmi
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e Theorem: For an XC4000-type switch block S of size W, 7 is

routable on S if and only if max{ni, na}+max{nz, ns}+max{na,ng} <
wW.
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Analysis Techniques: Combinatorial Counting

[ Xyl = KA | max{ni,no} + max{ngz,ng} + max{ng,ng} < W}
E 7 7
= Seren (V) a( g ) (V)
p=0
W+1 w
- (B Bl )
p=1 p=1
W+1 w
2 3 A W-pta v + MUA W-p+3 v
p=1 p=1
W+1 w
+ M wA :\\%+w v+ MuA :\\%+m v
p=1 p=1
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|Routing Capacity |

e XC4000 switch blocks

— Feasibility condition:
Xw = {7 max{ni,no} + max{ns, ns} + max{ng,ng} < W}.

— Routing capacity:
_XS_ HA%M.@ v+wA S\M.mv.*.wﬂ S\M.#V.TA S\M.wv

e Universal switch blocks

— Feasibility condition:
Uy =A{fln1 + n3 +ng < W, no+nz+ng <W, ny +ng+ns <
W, np +ng +neg < W,

— Routing mm_umo:v\_
[Uw| =|=(10W° + 120W> 4 595W* 4 1560W> 4 2320W2 +
1920w £'720)].

e Theorem: limy_ . |Uw|/|Xw]| = 1.25.
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Routing-Capacity Comparison
e Routing capacities:
Routing capacity
Universal XC4000 | Capacity ratio
w |Uw | Xwl Uwl/|Xw]|
2 56 52 1.077
4 641 553 1.159
6 3,616 3,024 1.196
8 13,825 11,385 1.214
10 41,336 33,748 1.225
15 334,680 270,504 1.237
20 1,573,121 1,266,265 1.242
25 5,377,190 4,319,406 1.245
30 | 14,905,856 | 11,959,552 1.246
24



Experimental Results

e # Tracks needed for CGE detailed-routing completion:

| Generic FPGA Switch Block]

e Could have arbitrary sides.

switch module

é

v

SE

logic
module

# # # Tracks (W)

Circuit | Logic modules | Connections || Universal | XC400
BNRE 22 x 21 1257 12 14
BUSC 13x 12 392 10 11
DFSM 23 x 22 1422 11 12
DMA 18 x 16 771 11 12
Z03 27 x 26 2135 14 15
Total 58 64
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Routing Solution for BNRE]

e Parameters: W = 12, Fg = 3 (symmetric switch block).

[Universal S Module] Circuit:ebnr, W=12, Fs=3, Fc=12 Wed Dec 21 04:05:40 1994
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Generic Symmetric Switch Blocks |

® Generic symmetric switch blocks are universal switch blocks.

N
2

® Generic symmetric switch blocks need only A v<< switches.

t 31t 32

ﬁw_w

terminals
/ switch

CFEY

I

S

S

Il 1l
@

1M
(b)

27

:,m :,m HH.H :.m ﬁp_m ?;

(b) ()

28



| Switch-Matrix Design|

Q Any universal switch matrix?
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| Diagonal Switch Matrices

N1 N2 N3 N4 Ns Ne

l

crossing switch on a diagonal

crossing switch on a sub—diagonal

separating switch

|

S1 S2 S3 S4 Ss Se

e The diagonal switch matrix (Dy,) is a “cheapest” Q-USM.
— Needs 14W — 20 switches, W > 1.

o |Dy| = %Gs& + 24W5 4+ 119W* 4 312W3 + 464W2 4 96W + Ei .

— limy 00 [Dwl/IUw| = 1.
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Quasi-Universal Switch Module AO-Cm_S:

e Theorem: There exists no universal switch matrix.

— An RRV 7 is infeasible if it fails any of the following inequalities:

n1 + no + max{n3 + ns,

ny+n3+ng < W
np+n3+ng < W
ny+ng+nsg < W
np+ng+ng < W
ng +ngp < 2W - 1.
—HH
o$—
Ieo% ng

e Quasi-universality conditions: (1)—(5) v (W,W,0,0,0,0).

e Goal: Design a “cheapest” quasi-universal switch matrix.

Experimental Results|

e # Tracks needed for detailed-routing completion:

30

(1)
(2
(3)
(4)
(5)

#Logic # Tracks (W)

Circuit modules | #Nets | Q-USM [ Random [ ICCAD-93
BUSC 12x 13 151 9 9 10
DMA 16 x 18 213 10 11 10
BNRE 21 x 22 352 11 12 12
DFSM 22 x 23 420 11 12 11
Z03 26 X 27 608 15 15 15
9symml 10x 11 79 10 11 10
alu2 13 x 15 153 11 11 11
alug 17 x 19 255 12 13 12
apex7 10 x 12 115 9 10 10
example2 12 x 14 205 13 14 14
k2 20 x 22 404 14 14 14
terml 9 x 10 88 9 10 9
too_large 14 x 15 186 11 11 11
vda 16 x 17 225 13 13 13
Total - - 158 166 162
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Segmentation Architecture

Longs

Doubles

MW me Singles

Doubles

Longs

m single-length lines

double-length lines
longlines
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Optimal Net Matching Algorithm

e Weighted bipartite matching for designing segmentation for two
routing instances with minimum total merged segment length.
[1,3] Uy

Columns weight=2
12
IR viftAl
S N Y Y [5.9] Uy 1
| | | | | | | | 11
's 4 ) v, [2. 6]
1 N:w 4 5 6 7 8 9 10 3.7 U
TTI_,N, [ O
|2 1igl V, 1[5, 10]
| | | | "ttt
(a) [8,10] U, 2
(b)
2 345 6 7 8 9 10 Iy=Merge(, j )
l= Merge(, __wv
I3=Mergel I, )
I4=i,
e Time complexity: O(n3) (n: number of nets [vertices]).
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Segmentation Design|

e Maximize routability under performance (# of switches used by a
net) constraints.

routability performanc

shorter segments D longer segments

e 1l-segment routing

(b) Feasible 1-segment routing.
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General Design Procedure

e Step 1: Matching and Merging routing instances.

Iteration k o~ final merged
. instance

Iteration 2
Iteration 1

Iteration 0

merged routing instances  routing instances

e Step 2: Tuning the # of tracks.
— Pack segments by the left-edge algorithm and pick tracks.

e Step 3: Filling the empty space between two segments.

— Place a switch on the position that makes the resulting segment
lengths most balanced.

o 1 2 n/2 n-1 n

I | | 1 ()—1 | | |
I T T T T T T 1

segment 1 segment 2
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|Experimental Results

e Two-segment routing results (Length = 20, #Track = 18)

[0) ICCAD-92 ICCD-97 Ours

dp | dp/T | dp | dp/T | dr | dp/T

by (1,1,1,1,1) 15 0.83 17 0.94 17 0.94

by (1, .8, .5, .3, .1) 14 0.78 15 0.83 16 0.89

b3 (1, .5, .3, .1, 0) 13 0.72 14 0.78 17 0.94

ba | (1, .5, .3 5,1) | 13 | 072 | 16 | 0.89 | 16 | 0.89

bs | (2,.5,1,.5 2)| 16 | 089 | 15 | 0.83 | 17 | 0.94

bs (1, .2, .1, 0, 0) 11 0.61 14 0.78 17 0.94

Ge 7y =07 12 0.67 13 0.72 16 0.89

No | pu=4,02=10 | 16 | 080 | 15 | 0.83 | 17 | 0.94

Po | Me A/, x\=30] 13 | 072 | 15 | 0.83 | 16 | 0.89

[Avg | [13.7 [ 0.759 | 14.9 [ 0.826 | 16.6 | 0.917 |
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Conclusions

@ Abstraction
¢ Criticality

@ Simplification
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A Designed Segmentation

e Parameters: Length = 100, #Track = 36, Distribution = D;.
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