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ABSTRACT
An FPGA switch box is said to be universal (hyper-universal) if
it can detailed route all possible surrounding 2-pin (multi-pin) net
topologies satisfying the global routing density constraints. A switch
box is optimum if it is hyper-universal and the switches inside is
minimum. It has been shown that if the net topology is restricted to
2-pin nets, then a 2-D (4-way) switch box can be built to be univer-
sal with only ��� switches, where � is the global routing channel
density. As the routing resource is relatively expensive in FPGA
chips, study of the optimum switch box designs is clearly a topic
with theoretical and commercial value of reducing silicon cost. A
previous work has constructed a formal mathematical model of this
optimum design problem for switch boxes with arbitrary dimen-
sions, and gave a scheme to produce hyper-universal designs with
less than 6.7W switches for 4-way FPGA switch boxes. In this pa-
per, we will further investigate this most common 4-way switch box
case, and will give new theoretical results followed by extensive ex-
perimental justification. The results seem to be quite attractive. We
show that such an optimum switch box can be built with a very
low number of additional switches beyond 6W for today’s practical
range of low � ’s (e.g. just ��� plus 1 or 2 additional switches
for � ’s up to 7). Even for arbitrary large � ’s, the bound can be
shown to be under �	� 
���� . To make experimental comparison, we
run today’s published best FPGA router VPR on large benchmarks
for the popular Disjoint structure and our proposed designs. The
results are quite encouraging.
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1. INTRODUCTION
Field Programmable Gate Array (FPGA), a kind of Very Large

Scale Integrated (VLSI) circuit, consists of an array of pre-fabricated
functional blocks and wire segments with user-programmability of
logic and routing resources. Because of their fast turn-around time
and economic manufacturing cost for low volume designs, FPGAs
have been used in a great amount of digital equipments. FPGA
technologies are commonly classified into three major categories:
(1) Look-Up-Table (LUT), SRAM based (2) multiplexer, channel
organized and anti-fused, and (3) PLD, EPROM based. In this
paper, we will study the optimum routing structure problems for
the popular LUT and SRAM based two-dimensional (2-D) FPGAs.
The architecture of an industrial product of this type is described in
[1, 2, 4, 6].

The importance of routing resource issues in FPGAs is never
over-emphasized. In commercial FPGA products, the routing re-
source consumes most of the chip area, and is responsible to most
of the circuit delay. A typical 
�� FPGA architecture is shown in
Fig. 1. The functional blocks (or logic cells) are marked by L,
which are separated by vertical and horizontal channels. There are� (called channel density) prefabricated parallel wire segments
running between each pair of adjacent L-cells in both vertical and
horizontal channels. The wire segments in a vertical (or horizon-
tal) channel are aligned into � vertical (or horizontal) tracks; each
track within a channel is assigned an integer in

����� ����� � ��� as its
track ID. There are C-boxes in the channel between adjacent L-
cells. A Switch Box (S-box), located at each intersection of a ver-
tical and horizontal channels, contains programmable switches to
connect wire segments running from its surrounding C-boxes.

When an FPGA is used to realize a specified Boolean function,
the pins used to realize the Boolean function are partitioned into
groups (called nets). Then the pins in each group are connected
together to form a real net by using available wire segments and
switches in both C-boxes and S-boxes; different nets are discon-
nected. The latter process is referred to as a routing. Convention-
ally, the routing process is divided into two subsequent steps, global
routing and detailed routing, although there is no absolute need for
doing routing in these two phases. In this paper, we simply use
the term of global routing to specify the connection topologies for
all nets. The detailed routing decides the exact assignment of wire
segments and switches used to materialize the complete routing.
As the connectivity within C-boxes is complete, the routability of
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Figure 1: The architecture of a 2D FPGA.

the entire chip is fully dependent on the structure and connectivity
of the S-boxes [1, 4, 5, 6, 9, 10, 11, 12, 13, 14]. As the routing re-
source is relatively expensive in FPGA chips, it is clearly desirable
to design switch boxes (S-boxes) with maximized routability and
minimum number of programmable routing switches.

In [6] a so called Universal Switch Module (USM) structure,
which is a � -way S-box of density � with ��� switches, has been
proposed. However, this model only accommodates 
 -pin nets,
therefore designing a general S-box for all kinds of nets is im-
portant and necessary. An FPGA switch box is said to be hyper-
universal if it can detailed route all possible multi-pin net topolo-
gies satisfying the global routing density constraints. It is optimum
if it is hyper-universal and the number of switches inside is mini-
mum.

It has been shown that if the net topology is restricted to 2-pin
nets, then a 2-D (4-way) switch box can be built to be universal
with only 6W switches, where W is the global routing channel den-
sity. As the routing resource is relatively expensive in FPGA chips,
searching for optimum switch box designs is clearly a topic with
both theoretical challenges and immense commercial silicon reduc-
tion values. In [8] a formal mathematical model of this optimum
switch box design problem for arbitrary dimensions has been con-
structed. It gave a scheme to produce hyper-universal designs with
less than � � � � switches for 4-way FPGA switch boxes. In this
paper, we will further investigate this most common 4-way switch
box case, and give new theoretical results followed by extensive
experimental justifications. The results seem to be quite attractive.
We show that such an optimum switch box can be built with a very
low number of additional switches beyond 6W for today’s practi-
cal range of low � ’s. If we represent the number of switches of
an optimum 4-way switch box with a density of � to be ��� � � ��� ,
then ��� � � ��� = 6W for W being 2, 3, or 5; ��� � � ��� = 6W + 1 for
W = 4; ��� � � ���	��
 6W + 2, and ��� � � � ����
 6W + 1. For arbi-
trary large W’s, the bound can be shown to be under �	� 
���� . To
make an even experimental comparison, we run VPR [15], today’s
published best FPGA router, for large benchmarks on the popular
Disjoint FPGA switch box structure and our proposed designs. The
results are quite encouraging.

This paper is organized as follow. Section 2 gives definitions and
various graph design problems associated with the switch box de-
signs. For completeness, some basis previous results on S-box de-
signs and a decomposition property of global routings will also be
mentioned. In Section 3, we provide our new results for optimum
or hyper-universal S-boxes. Section 4 shows our experimental re-
sults and we give our conclusions in Section 5.

2. PRELIMINARIES
The terminology and symbols of graphs are referred to [3]. Let
 
������ 
 � ��� � 
 ��� be a simple graph with vertex set ��� 
 � and

edge set
� � 
 � . We denote by � ��� 
 ��� (or � 
 � ) and � � � 
 ��� the num-

ber of vertices and edges in



, respectively. Let ������� 
 � . 
�� ���
denotes the induced subgraph of



by � . We use �! #"$�% '& � � �(�) +* to

denote the path with consecutive vertices �  ," � �  +& � ����� � �  * .
Let � and - be positive integers with -/. 
 . In [8], we have rep-

resented a �0- � ��� -global routing as a collection

21 
 �)3  � 45
��� ����� ��6 � of non-empty subsets of

����� � ��� � - � such that each ele-
ment of

����� 
 � ��� � � - � belongs to exactly � subsets of

21

. � is
called the density of the global routing, and a �0- � �7� -global rout-
ing is also called a - -way global routing with density � . Each3  in


21
is referred to as a net of the global routing. We note

that a global routing

21

is a multiple set; two equal sets in

21

represent two different nets in the global routing. Note also that
a net of cardinality 8 corresponds to an 8 -pin net. For simplicity,�

-pin nets are allowed to ensure that each element of
����� 
 � ����� � - �

appears exactly � subsets of

21

.
Let


21:9
and


21<;
be global routings and = a positive integer.

The union of

21>9

and

21<;

as multiple set is denoted by

21>9@?


21 ;
, and = 
21 9 is the union of = 
21 9

’s.
Having given a global routing a local and mathematical view, we

further view the track with ID A on the 4 -th side of an S-box as a
vertex �  ,B C and a switch connecting the track with ID A on the 4 -th
side and the track with ID = on the D -th side is an edge �  ,B C �)E B F .
Therefore, any - -way S-box of density � can be represented as a
- -partite graph



on GIH 'J 9 �  , where �  
 � �  ,B C � AK
 ��� ��� � � � �

and each �L is an independent set in



for 4M
 ��� ����� � - . We call
such a graph



a �0- � �7� -design. In particular, a � -way S-box of

density � is a � � � �7� -design.
Let



be a �0- � �7� -design on ��� 9 � ����� � � H � . A detailed �0- � �7� -

routing (or shortly detailed routing) of a �0- � ��� -global routing�)3  � 4>
 ��� � ��� ��6 � in



is a set of mutually vertex disjoint sub-
graphs

�ON � 3  ��� 4M
 � ����� ��6 � of



satisfying: (1)
N � 3  � is a tree

of � 3  �� vertices, and (2) � ��C>PQ�R� N � 3  S�����T
 �
if A�U 3  , for

4V
 ��� ����� ��6 . N � 3  � is called a detailed routing of
3  .

A hyper-universal �0- � ��� -design on ��� 9 � ��� � � � H � is a �0- � ��� -
design on ��� 9 � ��� � � � H � such that it contains a detailed routing for
each �0- � �7� -global routing. For example, the complete - -partite
graph on ��� 9 � ��� � � � H � (in which, there is an edge joining each pair
of vertices �  #B C and �  ,"(B C(" with 4 9�W
X4 ) is a hyper-universal �0- � ��� -
design. A hyper-universal �0- � ��� -design represents a - -way S-box
of density � (also called a �0- � �7� S-box) which can accommo-
dates any �0- � �7� -global routings.

An optimum �0- � ��� -design is a hyper-universal �0- � ��� -design
with the minimum number of edges. Clearly, the number of edges
in an optimum �0- � �7� -design is uniquely determined by - and � ,
which is denoted by ���0- � ��� .

A global routing is called primitive if it does not contain two un-
equal nets of size

�
. If a �0- � �7� -global routing


21
is not primitive,

then we can combine the unequal nets of size
�

into nets of size 
 to
obtain a primitive �0- � �7� -global routing


21�Y
. Any detailed global

routing of

21 Y

will induce a detailed global routing of

21

by sim-
ply deleting the edges of those one edge trees representing the nets
of size two in


21 Y
which are obtained by combining the unequal

nets of size
�

in

21

. Therefore, to verify that a �0- � ��� -design is
hyper-universal, we need only to show that each primitive global
routing is detailed routable.



Our approach depends on a very nice decomposition property
of global routings. Let


21
be a �0- � �7� -global routing and


212Y
be a sub-collection of


21
. If


21�Y
is a �0- � 8 � -global routing with

8 � � ,

21 Y

is called a sub-global routing of

21

.

21

is said to
be minimal if it does not contain subglobal routings. The following
result was proved in [7].

LEMMA 1. For any integer - with - . 
 , there exists an integer� �0- � such that any - -way global routing

21

could be decomposed
into minimal - -way subglobal routings with densities at most

� �0- � .
Moreover,

� �0-L�5
 -�� �
for - 
 
 � 
 � � .

In [8], we have developed a general reduction technique for de-
signing �0- � �7� S-boxes.

I. Find
� �0-L� and all - -way minimal global routings. The existence

of
� �0- � and the finiteness of the number of minimal - -way

global routings are guaranteed by Lemma 1.

II. Determine � and � such that � 
���� ? � , � and � are as small
as possible so that any �0- � ��� -global routing is a union of
� subglobal routings of density � and a subglobal routing of
density � . (Note that as - is fixed, each � corresponds to
a unique � , we may have more than one � as � varies but
there are finitely many such � ’s for all � ).

III. Design a hyper-universal �0- � � � S-box � 9 and a �0- � � � S-box
� ; with the number of switches as small as possible. Then
a disjoint union of � copies of � 9 s and an � ; is a hyper-
universal �0- � �7� S-box.

IV. Design an efficient detailed routing algorithm to detailed-route
any - -way global routing in the S-boxes designed in III.

We note that we have given an efficient algorithm for IV. Now
we focus on � -way S-box designs.

For Step 1, Lemma 1 shows that
� � �!� 
 
 . For Step 2, [8]

showed that any � � � ��� -global routing can be decomposed as a
union of � � � �!� -global routings and at most

� � � � �O� -global routing
for some ��
 ��� 
 � 
 � � �
	 and

�
.

The following are all primitive minimal � � � ��� -global routings.�
� ""������ "���&������������ ,�
� "&�� "������ "���&���� � ��������� ,
��� "&�� &������ "�������� � &�������� ,

��� "&�� ������� "�������� � &�������� ,�
� "��� " ����� "���� � &������������ ,
��� "��� & ����� &���� � "������������ ,�
� "��� ������� ����� � "���&�������� ,
��� "��� ������� ����� � "���&�������� ,�
� & "�� " ����� "���&�������� � "���&�������� � ��������� ,

�
� & "�� & ����� "���&�������� � &������������ � "�������� ,�
� & "�� � ����� "���&�������� � &������������ � "�������� ,
�
� & "�� � ����� "������������ � &������������ � "���&���� ,�
� & "��  ������ "���&�������� � "������������ � &�������� ,
�
� & "�� !������ "���&�������� � "������������ � &�������� ,�
� &&�� " ����� "���&�������� � "�������� � &���� � ��������� ,
��� &&�� & ����� "���&�������� � "�������� � &���� � ��������� ,�
� &&�� ������� &������������ � "�������� � &���� � "�������� ,
��� &&�� ������� "���&�������� � "�������� � ����� � &�������� ,�
� &&��  ����� "������������ � "���&���� � ����� � &�������� ,
��� &&�� ! ����� &������������ � "���&���� � ����� � "�������� ,�
� &&�� " ����� &������������ � "���&���� � ����� � "�������� ,
��� &&�� # ����� "������������ � "���&���� � ����� � &�������� ,�
� &&�� $������ "���&�������� � "�������� � ����� � &�������� ,
��� &&�� "�%������ "���&�������� � ��������� � "���� � &�������� ,�
� &&�� "S" ����� "������������ � ����&���� � "���� � &�������� ,
��� &&�� "0& ����� &���"�������� � ����&���� � "���� � ��������� ,�
� &��� "������ "���&���� � ����"���� � &�������� � ����� � ����� ,
��� &��� &������ "���&���� � ����"���� � &�������� � ����� � ����� ,�
� &��� � ����� "�������� � ����"���� � ��������� � &���� � &���� ,
��� &��� � ����� ����&���� � ��������� � &�������� � "���� � "���� ,�
� � " ����� "���&�������� � "���&�������� � ��������"���� � &������������ ,�
� �&�� " ����� "���&�������� � "�������� � &�������� � ��������� � "���&�������� ,�
� �&�� &������ &������������ � "���&���� � "�������� � "�������� � &������������ ,�
� �&�� � ����� ��������"���� � &���"���� � &�������� � &�������� � ��������"���� ,�
� �&�� ������� ����"���&���� � ����"���� � ����&���� � ��������� � ����"���&���� .

Table 1. Primitive minimal � -way global routings

For Step III, [8] gave a hyper-universal � � � �7� -design &�� �7�
with less than � � � � switches.

Our goal in this paper is to further investigate Step III to obtain
better � � � 40� -designs for 42
 
 � � and � and hence obtain a better
� � � �7� -design than the � � � ��� -design &�� ��� constructed in [8].

The following result was proved in [8] which will be used in this
paper.

LEMMA 2. Let

 
7����� 9 � � ; � �(' � �*)%� �(� � be a hyper-universal

� � � �7� -design. Then � � �V. ��� .



restricting on any two parts
gives a hyper-universal � 
 � ��� -design, and



restricting on any

three parts gives a hyper-universal � 
 � ��� -design. The optimum
� 
 � �7� -design is a perfect matching, and an optimum � 
 � ��� -design
is a Hamilton cycle. Moreover, the optimum � 
 � ��� -design must be
a Hamiltonian cycle.

3. AN HYPER-UNIVERSAL � � � ��� -DESIGN
To design a hyper-universal � � � ��� -design, we need to proceed

Step III of the reduction design technique mentioned in Section 2.
Fig. 3 provides a family of � � � 40� -designs +� for 4 
 ��� 
 � 
 � � �
	�� � � �
in which the label �  #B C follows the labeling rule of S-box in Fig.1.
These +R ’s are needed in the designing of a � � � �7� -design for all� according to our technique. In [8], we have shown that +  
is an optimum � � � 40� -design for 42
 ��� 
 . The following lemmas
claim that +R ’s are hyper-universal or optimum � � � 4 � -designs for
4V
 
 � � �
	�� � � � . We will prove these lemmas later in this section.

LEMMA 3. +  is an optimum � � � 40� -design for 4V
 
 � � �
	 .
LEMMA 4. +  is a hyper-universal � � � 40� -design for 4V
 � � � .
Now define


 � ��� as the following graph:

�-,/.�0 �
1222223 222224

disjoint union of 5�6 ! ’s if
. � ! 5 ,

disjoint union of
, 587 " 0 6 ! ’s and a 6 " if

. � ! 5:9 " ,
disjoint union of 5�6 ! ’s and a 6 & if

. � ! 5:9 & ,
disjoint union of 5�6 ! ’s and a 6 � if

. � ! 5:9 � ,
disjoint union of 5�6 ! ’s and a 6 � if

. � ! 5:9 � ,
disjoint union of 5�6 ! ’s and a 6  if

. � ! 5:9  .
By the definition of


  � 4 
 ��� ����� � � , it is easy to see that the
number of edges of &�� ��� for �<; �

is

= �-,>.?0 = �
12222222223 2222222224

"�$� . if
. � % ,>@�A�B ! 0 ,"�$� . 7 �� if
. � " , mod ! 0 ,"�$� . 7 &� if
. � & , mod ! 0 ,"�$� . 7 " if
. � � , mod ! 0 ,"�$� . 7 "� if
. � � , mod ! 0 ,"�$� . 7  � if
. �  , mod ! 0 .

THEOREM 5. For �C; �
,

 � �7� is a hyper-universal � � � �7� -

design.

PROOF. If � 
 �)D ? �
, then D . �

and any � � � �%D ? � � -global
routing


21
can be decomposed into a union of �0DD� � ��� � � ��� -

global routings and a � � � � � -global routing. (sometimes,

21

can be
decomposed into D/� � � �!� -global routings and a � � ��� � -design. But
this does not always happen.) Now it is easy to see that


 � �%D ? � �
contains a detailed routing of


21
as

 � ��� is a disjoint union of

�0DE� � �F+HG ’s and an +HI , and +HG and +HI are hyper-universal � � � ��� -
design and � � � � � -design, respectively by Lemma 4.

Let � 
 �)D ? 4 where 4 W
 �
. Since the densities of minimal� -way global routings are

��� 
 or 
 , any � � � �)D ? 40� -global routing
21
can be decomposed into D � � � �!� -global routings and a � � � 40� -

global routing for 
KJ 4LJ 	
. Since


 � �)D ? 40� is a disjoint union
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Figure 2: A family of hyper-universal � -way designs.

of D + G ’s and an +  , and + G and +  are hyper-universal � � � �!� -
design and � � � 40� -design, respectively by Lemma 3, then


 � �%D ? 40�
contains a detailed routing of


21
.

Next we divide the proofs of the lemmas 3 and 4 into subsections.
For simplicity, we will label each vertex of +  by only the side
label, where the corresponding track belongs to.

3.1 +H' is an optimum � � � 
!� -design
We note that + ' has

�ñð
edges which is the lower bound. There-

fore, we need only to show that +�' is hyper-universal. It is suf-
fice to show that + ' contains all possible � � � 
!� -global routings ob-
tained by combining the primitive minimal global routings in Table
1. Notice that the permutation ò 
 � ��� ��� � 
 � 
�� is an automor-
phism of + ' , and therefore, we only need to detailed-route


21
in

+ ' where

21

is a union of those global routings in Table 1 which
are not isomorphic to each other under ò . These global routings are

óõô 99÷ö óõô 9; B 9øö óõô
9; B ;ùö ô

9; B ' ö óõô
9
' B 9÷ö óõô

9
' B ;úöóõô ; 9 B 9÷ö óõô

; 9 B ;ùö óûô
; 9 B ' ö óõô

; 9 B G ö óõô
;; B 9÷ö óûô

;; B ;ùöóõô ;; B ' ö óõô
;; B I ö óûô

;; B ü ö óõô
;; B ý ö óõô

;
' B 9 ö óûô

;
' B ; öóõô ' 9 ö óõô '; B 9 ö óûô '; B 'ùþ

Table 2. Primitive minimal � -way global routings
which are not ò isomorphic.

Let

21

be a � � � 
�� -global routing which is a union of global
routings from Table 2.
Case 1.


21 U � 
21 ' 9 � 
21 '; B 9 � 
21 '; B ' � . Fig. 3(1)-(3) show the
detailed routings of


21
.

Case 2.

21

consists of three density
�

global routings. Suppose
21
contains D copies of


21 9; B ' . Then ÿ J D J 
 .
When D 
 ÿ . We partition + ' into three subgraphs


 9
,

 ;

and

 ' : 
�9

consists of the lower level,

2;

consists of the left
of the top and second levels and


 ' consists of the right of top
and second level. Each of these subgraphs can detailed-route any
of

21 99

,

21 9; B 9 , 
21

9; B ; � 
21
9
' B 9 and


21 9' B ; . Therefore, we can
detailed-route


21
in + ' .

When D 
 
 .

21 
 
 
21

9; B ' . Fig. 3(4) gives the detailed
routing of


21
.

When D 
 �
. If


21
contains


21 9; B ' ? 
21
9; B ; , then we detailed-

route it as in Fig. 3(5), and if

21

contains

21 9; B ' ?�
21 9' B ; , we
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Figure 3: Detailed routings for +�' and +H) .



detailed-rout

21 9; B ' G 
21

9
' B ; as shown in Fig. 3(6). We note that

the unused part in + ' can detailed-rout any1 U � 
21 99 � 
21 9; B 9 � 
21
9; B ; � 
21

9
' B 9 � 
21

9
' B ; � . This proves that


21
is routable in + ' .

For those

21

’s which do not contain

21 9; B ; and


21 9' B ; , detailed
routings in + ' are shown in Fig. 3(7)-(9).

Finally when D 
 
 . If we detailed-route 
 
21
9; B ' as shown

in Fig. 3(10), then the unused top level can detailed-rout any of� 
21 99 � 
21 9; B 9 � 
21
9
' B 9 � . For


21 
 
 
21
9; B ' ?X
21 9; B ; or


21 

 
21
9; B ' ? 
21

9
' B ; , a detailed routing is given by Fig. 3(11),(12).

Case 3.

21

contains a minimal global routing of density 
 .
Fig. 3(13)-(24) show all detailed routings of density 
 global

routings in + ' . Then the lower level of + ; which is not used in
all this diagrams can be used to detailed-route and1 U � 
21 99 � 
21 9; B 9 � 
21

9; B ; � 
21
9
' B 9 � 
21

9
' B ; � .

When

21

is a union of density 
 global routing and

21 9; B ' . A

detailed routings of

21

in + ' are given in Fig. 3(25)-(36).
This completes the verification that it is detailed routable in + '

for all � � � 
!� -global routings, and hence +�' is hyper-universal.
We note that only when


21 U � 
 
21
9; B ' ?X
21 9; B ; � 
 
21

9; B ' ?
21 9' B ; � 
21
9; B ' � we need the top level edge

����� ��� in our detailed
routing. This fact will be used in the verification of + G .
3.2 + ) is an optimum � � � �!� -design

We first show that + ) is hyper-universal. Let

21

be any � � � ��� -
global routing which is a union of global routings from Table 1.
If

21

is a union of a minimal � � � 
�� -global routing and a � � � � � -
global routing from Table 1, we can detailed-route the five minimal
� � � 
�� -global routings as in Fig. 3(a). Note that the unused part in
+ ) is a cycle

��� 
 � � � 
 which can be used to detailed-route all the
� � ��� � -global routings except


21 9; B ' from Table 1. If

21

contains
a

21 9; B ' , a detailed routing of


21
in + ) is given in Fig. 3(b).

Now assume that

21

is a union of two � � � 
%� -global routings,
then


21
is routable in + ) as +H) contains two disjoint + ; ’s.

This proves that + ) is hyper-universal. The fact that + ) is an
optimum design follows from the following result which also indi-
cates that the lower bound ��� given in Lemma 2 is not achievable
in general.

THEOREM 6. There is no 
 -regular hyper-universal � � � ��� -design.
An optimum � � � �!� -design must have at least 
 	 edges.

Proof: Suppose that there is a 
 -regular hyper-universal � � � �!� -
design



. Then



is a � -partite graph on ��� 9 � � ; � � ' � � ) � ; there

is a � -matching between each pair of �  � � C for 4 W
 A and the in-
duced subgraph of



on each set �  G ��C G �LF7��4 W
 A W
 = � is a

cycle (see Lemma 2). Based on these facts, we construct all such
 -regular graphs and verify that they are not hyper-universal. We
delete the detailed verification here.

3.3 +R is a hyper-universal � � � 4 � -design for 4T
	�� � and �
Note that any � � �
	 � -global routing is a union of a � � � 
!� -global

routing and a � � � 
)� -global routing, and +�� contains an +H' and
a disjoint + ; , therefore, + � is hyper-universal. Also note that + �
has 
 � edges which is the lower bound of an hyper-universal � � �
	 � -
design. Therefore, + � is an optimum design.
+ I is a hyper-universal � � � � � -design is similarly proved.
To show that + G is a hyper-universal S-box, we need to show

that + G contains a detailed routing for every � � � ��� -global routing.

Again, we note that the permutation ò 
 � ��� �!� � 
 � 
!� is an auto-
morphism of + G , and therefore, we only need to check those global
routings which are union of global routings from Table 2. Let


21
be such a global routing.
Case 1


21 
 
21:9 ? 
21T;
, where both


21:9
and


21<;
are � � � 
!� -

global routings.
It is easy to see that + G contains a detailed routing of


21
as + G

contains two disjoint + ' ’s.
Case 2


21 
 
21:9 ? 
21T;V? 
21 ' , where each

21  ( 4V
 ��� 
 � 
!�

is a primitive minimal global routings from Table 2.
Let � ��4 � 4 ? � � be the subgraph of +HG which consists of the levels

4 and 4 ? �
. We have three disjoint subgraphs �Q� ��� 
)� , �Q� 
 � ���

and � � 	�� ��� of + G . By Fig. 3(13)-(24), we see that � � ��� 
%� and
�Q� 	�� ��� can detailed-route any minimal � � � 
)� -global routings in
Table 2. All detailed routing of minimal global routing in �Q� 
 � ���
are routable. Therefore, there is a detailed routing for


21
in + G ,

and hence + G is hyper-universal.

4. EXPERIMENTAL RESULTS
From our combinatorial analysis shown above, it seems quite

surprising that an optimum (hyper-universal) S-box can actually
be built by using only very few more switches beyond the widely
believed lower bound of ��� . It is also interesting to see that there
exist HUSBs with switch density of only ��� for some W’s and the
construction of optimum HUSBs seem to hardly possess regular
scalability which can be observed in the construction of some 4-
way USB family. Besides the theoretical analysis, in order to get
some experimental justification, we choose to adopt the currently
known best FPGA router VPR [15], which is available on the Web,
for our experiment. The logic block structure for our VPR runs is
set to consist of one 4-input LUT and one flip-flop. The input or
output pin of the logic block is able to connect to any track in the
adjacent channels, &��I
�� . Inside the switch box, each input wire
segment can connect to three other output wire segments of other
channels, &�� 
 
 .

In order to have an even comparison (partially is also due to the
limitation of VPR router limiting &�� to 3) with the well-known Dis-
joint structure, we deliberately eliminate the ”additional” switches
of our HUSBs to make our H’USBs have density of ��� , which
is the same as Disjoint S-boxes. Fig. 4(b) and Fig. 5 show the
structure of a hyper-universal S-box and a routing result of our ex-
periments.

In table 3, we show the comparing results of the number of tracks
required to route some larger MCNC benchmark circuits [16] by
Disjoint and our H’USB FPGAs. Overall, the H’USB FPGAs use
about 10% less tracks than the Disjoint FPGAs. (Beware that since
the VPR is a simulated annealing based non-deterministic router,
the results we produced for Disjoint FPGAs could be a bit different
to their other reported results.)

5. CONCLUSION
In this paper, we have again applied the reduction design tech-

nique developed in [8] in � -way S-box designs. The new � � � �7�
S-box has at most �	� 
�� switches compared with our previous one
which has about � � ��� switches. We note that, according to our
new design, we could have a complete database for detailed rout-
ings in +  for 4V
�
 � 
 � � �
	�� � and

�
and hence have an efficient de-

tailed routing algorithm to detailed-route any � � � �7� -global rout-
ing in the S-box


 � ��� .



Disjoint H’USB
alu4 12 10

apex2 12 11
apex4 15 13
bigkey 8 7

des 9 8
diffeq 9 8
dsip 7 7

elliptic 11 11
ex5p 15 13

misex3 13 12
seq 12 12
spla 16 14
tseng 8 7
e64 9 8

Total 156 141 (-9.62%)

Table 3. Channel widths required for different
benchmark circuits &��K
 � , &�� 
 


Routing succeeded with a channel width factor of 11.
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(a) Disjoint S-Box, W=11 (b) An H’USB(4,11)

Figure 4: Structures of S-boxes.

Routing succeeded with a channel width factor of 8.

Figure 5: Routing result of e64 by using H’USB S-Box, W=8

We have also provided one example to show that ��� is not a
lower bound of the number of switches in an optimum � � � ��� S-
box for some � while which is widely believed to be. This sug-
gests that our newly design


 � �7� is very close to an optimum.
We are currently working on applying our combinatorial analysis
models for other FPGA routing architecture designs.
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