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Abstract - We present a topology synthesis method for high
performance System-on-Chip (SoC) design. Our method pro-
vides an optimal topology of on-chip communication network
for the given bandwidth, latency, frequency and/or area con-
straints. The optimal topology consists of multiple crossbar
switches and some of them can be connected in a cascaded fa-
shion for higher clock frequency and/or area efficiency. Com-
pared to previous works, the major contribution of our work is
the exactness of the solution from two aspects. First, the solving
method of our work is exact by employing the mixed integer
linear programming (MILP) method. Second, we generalize the
crossbar switch representation in MILP in order that the op-
timal topology can include any arbitrary sizes of crossbar
switches together. The experimental results show that the to-
pologies optimized for the clock frequency (area) give up to
37.3% (12.7%) improvements compared to the conventional
single large crossbar switch networks for two industrial
strength SoC designs.

I. Introduction

As the semiconductor process technology advances ra-
pidly, billion transistors or hundred cores are integrated on a
single chip. Also, many embedded systems are designed for
data-intensive applications in which frequent data transfers
among the computing cores and memories are unavoidable.
Therefore, the interconnection method of those components
has become a more challenging problem as the performance
requirement is increasingly demanding.

To keep pace with such performance requirement, several
works proposed the enhancement of the traditional on-chip
buses. Efficient arbitration schemes are proposed in [4][5] to
increase the performance of a shared bus. In [7][14], new
shared bus architectures with physical segmentation are
proposed. In spite of their effectiveness, the nature of shared
buses highly limits the performance. More precisely, the
performance of shared bus is not scalable with respect to the
number of components attached to the bus, since it is tem-
porally shared by those components.

Network-on-Chip (NoC) is a viable solution to cope with
the performance and the scalability issues, and actively stu-
died in academia [3][8][16][17]. Also, there is a consensus
that NoC will be one of the preferred interconnection me-
thods for high performance systems in the near future. It is
commonly observed that NoC is targeting larger scale sys-
tems than crossbar switches. Crossbar switches have been
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used as backbone interconnection especially in CMP’s [19].
Recently, the industry has focused on crossbar switch solu-
tions for SoC. ARM Inc. productized the crossbar switch
named as PL301 and Sonics Inc. also commercialized the
crossbar switch called Sonics-SMX [1][15]. Several research
groups in academia also worked on the crossbar switch (bus
matrix) [9][10][11][19]. Thus, our study focuses on the
crossbar switch-based design of SoC backbone bus.

In this paper, we will focus on the specialization of
crossbar-based interconnection topology to the given appli-
cations. It is well known that a fully connected crossbar
switch outperforms shared busses [6][13]. However, the
single fully connected crossbar suffers from the increase of
its area and the decrease of its operating clock frequency as
the number of input / output ports (masters / slaves) increas-
es [12]. For this reason, it is often better to use multiple
small crossbar switches rather than a single large crossbar
switch for a higher operating clock frequency with small
area overhead. Fig. 1 illustrates this idea. Fig. 1 (a) gives an
example of the conventional single large crossbar and Fig. 1
(b) is an equivalent cascaded crossbar network. As shown in
Fig. 1 (b), the cascaded crossbar switches consist of smaller
(i.e. faster) crossbars than the conventional large (i.e. slow)
one. Thus, the cascaded crossbar switches can give higher
operating frequency. The application-specific crossbar net-
work can also increase area efficiency while maintaining the
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higher frequency.

The aim of our method is to optimize the topology with
crossbar switches for the given design constraints, but it
improves the optimization quality by considering two factors
concurrently. First, the solving method of our work is exact

by employing the mixed integer linear programming (MILP).

At the same time, our method can include multiple arbitrary
sizes of crossbar switches in an optimal topology. To the best
of our knowledge, none of the previous works considers
these two factors in a single method.

We will introduce the related works and address our to-
pology synthesis method in Section 2 and Section 3, respec-
tively. We will give the experimental results in Section 4 and
conclude this paper in Section 5.

II. Related Works

The works related to the crossbar switches can be classi-
fied into two categories. The works in the first category fo-
cused on the improvement of the single crossbar switch,
since a fully-connected crossbar switch is wasting the chan-
nel resources when there is no need of communications be-
tween all pairs of masters and slaves [8][9]. The works in the
second category addressed optimal topology synthesis me-
thod with multiple switches [10] [16][17][19].

Murali et al. proposed a technique for partially-connected
bus matrix generation and showed that the area and the clock
frequency of the switch could be improved with their me-
thod [9]. Pasricha et al. extended this concept by considering
other design parameters such as arbitration scheme and buf-
fer size for further improvement [10]. Murali ef al. also at-
tempted to minimize the size of a crossbar switch by clus-
tering masters and slaves, respectively. Each cluster is con-
nected to a central fully-connected crossbar switch [8]. They
also showed significant reduction of the power consumption
and the area. However, their method restricts the cluster into
a shared bus, which can be thought of as an n X 1 (1 X n)
crossbar, and therefore can be considered as an extreme case
of our work in terms of topology.

Yoo et al. proposed a topology synthesis method using
crossbar switches in a cascaded fashion based on simulated
annealing [19]. A bus pipeline stage called register slice can
be inserted in-between each pair of cascaded switches for
the timing isolation of the two switches. Their method is
more general (hence, a huge design space) than other works
in the sense that the optimal topology can include any arbi-
trary sizes of crossbar switches with register slice, asyn-
chronous bridge, and downsizer and expander. However,
their solving method is not exact. On the other hand, Srinin-
vasan et al. proposed an exact method for solving NoC to-
pology problem based on MILP [17]. Even though their
solving method is exact, it is not as general as the work in
[19], since only a fixed size of crossbar switch can be used
in a single optimal topology. Such a limitation also affects
the quality of the solution due to the partial search of the
target design space.

The novelty of our work is to consider the positive fea-
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tures of both approaches in a single solving method - an ex-
act topology synthesis method with arbitrary sizes of cross-
bar switches.

III. Optimal Topology Synthesis

A.  Assumptions

Our method aims at synthesizing an optimal crossbar
network topology for a specific application. The cost of the
topology can be the crossbar area, the maximum network
frequency, or a mixture of them. Thus, we assume that the
communication characteristics of the target application and
the area/frequency information of the crossbars are given.

On-chip communication network consists of IP’s and bus
components including crossbars and bridges (mostly for data
width and frequency conversion). In our work, it is assumed
that required bridges are already inserted into a part of IP’s
(e.g. IP interface) so that we focus on the central part of the
on-chip network.

We also assume that the routing of the crossbar is based
on physical address (e.g. ARM PL301 whose routing is
based on AXI address and Sonics SMX based on OCP ad-
dress). In terms of master-to-slave communication, we as-
sume that there is a single communication path from master
to slave as in the commercial solutions (PL301, SMX). Thus,
multi-path communication is not considered at the mas-
ter/slave level. However, a pair of IPs can communicate with
each other through more than one path using multiple mas-
ter/slave ports, and in this case each port is considered as an
individual master/slave. We have another single connection
assumption between any pair of two crossbars.

The main design target of our method is the backbone bus
of high performance SoC. Most of backbone buses are cha-
racterized by a single high frequency. Thus, in our problem,
we assume that the cascaded crossbar switches have a single
operating frequency.

B.  Problem Definition

The crossbar network consists of three types of compo-
nents: master (M), slave (S), and crossbar (X). Also, its to-
pology contains three types of connections: master to cross-
bar (MX), slave to crossbar (SX), and crossbar to crossbar

(XX).

Basic topology decision variables

* MXy» (W €EVy,x €X): a decision variable matrix
which indicates whether master v,, is connected to crossbar x
or not. MX,,, is one only if master v,, is connected to cross-
bar x, otherwise zero.

* SX;,(vs € Vs, x € X): a decision variable matrix which
indicates whether slave v, is connected to crossbar x. SX;, is
one only if slave s is connected to crossbar x, otherwise zero.
* XX, (x €X,x' €X): a decision variable matrix which
indicates whether crossbar x is connected to crossbar x’. We
will refer to the connections between any two crossbars as
links. XX, - is one only if crossbar x is connected as a master



to x’, otherwise zero. For the reduction in the number of
decision variables, we give indexes to crossbars such that
lower-indexed crossbar is always on the master side when
there exists any crossbar to crossbar connection. Thus, we
do not consider XX;; s.t. i=j in the MILP formulation.

Our topology synthesis problem can be defined as fol-
lows.

Given

* An undirected communication trace graph (CTG)
G(Vy, Vs, E) is the communication characteristics of
the target application, where v, € V), denotes a mas-
ter node, v € Vs a slave node, and e, s € E an un-
directed edge between v,, and v;

w(ens) is the bandwidth requirement of e, ;, and
d(ens) is the latency constraint of ey, ;.

Apns and F, ¢ are the area and the frequency of the
crossbar with m master ports and s slave ports, respec-
tively.

This problem is to find topology T(MX',SX',XX")
which optimizes the design objective (e.g., area and fre-
quency).

s. t. the communication requirements w(e, ) and
d(eys), and other design constraints, such as area and
frequency, are satisfied.

We set |X] as the maximum number of crossbar to be used
in the topology synthesis, and N as the maximum number of
possible cascading stages. Note that they are design parame-
ters to be set by the designer, but the optimality of the solu-
tion is not influenced if they are set large enough.

In the following subsections, we present our MILP for-
mulation of the problem. The formulation consists of four
types of constraint (for topology, communication path, la-
tency and bandwidth) and two design cost factors (total
network area and the network frequency).

C. Constraints

i. Topology Feasibility Constraint

An arbitrary selection of crossbars and their connection
may not always give valid topologies. We define the valid
topology of cascaded crossbar switches with the following

two constraints.
Constraint 1 — A master or a slave must be connected to
one and only one crossbar.
YU € Vi, Laxex MXpnx =1 ey
Vvs € VS7 erx SXs,x =1 (2)
Constraint 2 — The degree of crossbar switch must be ze-
ro or greater than two.
PM, =PS, =0 (3) or
PM, >0&PS,>0&PM,+PS,>?2 4
where PM, and PS, are the number of master-side ports
(shortly master port) and slave-side ports (shortly slave port)
of crossbar x, respectively. The number of master ports of a
crossbar depends on how many masters are connected to it
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and how many other crossbars cascade to it. On the other
hand, the number of slave ports depends on the number of
slaves connected to it and that of other crossbars it cascades
to. They can be calculated using the basic decision variables
as follows.

PM, = vaEVM MXm,x + Zx’eX,x’<xXXx',x (%)
PS, = ZvSEVS SXox + Zx’eX,x’>xXXx,x’ (6)
As Eqn. (3) shows, it is possible for crossbar x to have
both PM, and PS, of zeros, which means that crossbar x is
not used in the synthesized topology. If crossbar x is used in
the topology, Inequality (4) needs to hold because 0 X n
and n X 0 crossbars are useless when # is non-zero as well
asthe 1 X 1 crossbar.
ii. Single Communication Path Constraint
If there is a bandwidth requirement between master v,
and slave vy, i.c., W(em_s) > 0, then according to the as-
sumption of single communication path in Section III-A,
there must exist only one path on the topology from master
v, to slave v, Thus, to represent the constraint of single
communication path, the following constraint is needed.

Constraint 3 — For any pair of master v, and slave v
whose W(em_s) > 0, there must exist only a single commu-
nication path.

Zﬁ:l(leex ---anEX Drrrlz,xl,xz,...,xn,s) =1 (7
where variable Dy, .. . o represents whether there is a
communication path from master v, to slave v, through
crossbars x;, Xa,..., and x,,. If there exists such a path, the va-
riable is one, otherwise zero. We define depth as the number
of crossbars on the path through which master v,, and slave
v, are connected. We call the path with » intervening cross-
bars depth-n path. Dy, ., .. s is defined as follows.

Drrrlz,xl,xz,...,xn,s = MXm,xl X H;c:%XXx X SXs,xn )]

ko Xk+1

Linearization of Eqn. (8)

Eqn. (8) is not a linear expression. Thus, we apply a li-
nearization to the equation and use the following inequalities
instead of Eqn. (8).

+S8Xsx, =1 (9)
+ SXsx, | (10)

ko Xk+1

DR seyins S 1/ X [MXpy + TRZ1IXX,

kXk+1
Inequality (9) forces Dy x. x, ..x,s to be one when mas-
ter v,, is connected to slave v, through x; to x,. Inequality (10)
forces Dy, x, x,...x,s t0 be zero if there is any zero term in
the summation on its right-hand side. Note that, as explained
in Section III-A, since we assume XX, , is defined only
where x<x’, Dy x, xns 15 also defined only for x; < x;
<...<x,.<x,. Thus, we can effectively reduce the number of
decision variables.
iii. ~Latency Constraint
The latency between components varies with the arbitra-
tion scheme, the buffer size, and their traffic characteristics
as well as the hop count. This is the reason why the final
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solution is tested for latency constraint by overall simulation
in [10]. In our method we abstract the latency constraint.

Constraint 4 — The latency constraint (e.g., d(em_s) =k)
that master v,, has a latency constraint to slave v, with re-
quiring a hop count not exceeding k is represented as fol-
lows.

V (U, v5) with d(ems) =k,
N (Zyex o Baex Dixrpmns) =1 (11)

Inequality (11) represents that at least one D™ matrices with
n<k must be one.

Bandwidth Constraint

In order to check to see if the given bandwidth require-
ment is met, we check the total communication bandwidth
that each link in the topology carries. If more bandwidth is
loaded on a link than its capability (i.e. peak bandwidth) the
corresponding topology cannot meet the given bandwidth
requirement.

.

Constraint 5 — The total bandwidth flowing on each edge
must not exceed the peak bandwidth.

Vx, <x, €X, E, , < CostFreq X channelwidth (12)

1.X2
where E, ., is the total bandwidth flowing from crossbar
x; to x2, CostFreq is a continuous decision variable indicat-
ing the maximum operating clock frequency of the topology,
and channel_width is the channel bit width. In the remaining
of this subsection, we explain how to calculate variable
E,, x, and CostFreq.

and &

Linear expressions E,, ., x2S

First, we define & . as the bandwidth induced by
master v,, and slave v,, flowing on the link between crossbar
x; and x; in a depth-n path. Fig. 2 illustrates how to calculate
&%, x,ms- In Fig. 2, the link between x; and x; carries only
the traffic between m, and s, through depth-3 connection
(87%2'7(5'"’-2'52)' On the other hand, the link between crossbar x;
and x; delivers both the traffic induced by m; and s, which is
in a depth-2 connection (&7, », m, 5,)> and the traffic induced
by m; and s, which is in a depth-3 connection (e,?l_XZ_mZ_SZ).
Therefore the load on the link from crossbar x; to x, can be
calculated as follows.

Exl'xz = gglevalvsl + ggl'xz'mz'sz (13)
while €% . . can be generally formulated as follows.
g)rtll,xz,m,s = W(em,s) X [Zg=n(2xsex ---ZxkeX Drlﬁl,xl,xz ..... xn,s)] (14)

Note that e,'c‘l_XZ_m_s does not need to be a decision varia-
ble matrix since it is a simple summation of the decision
variable matrices. After calculating &y ., s for each depth
of links, we can finally find the total bandwidth flowing on a
link, E, . , by summing the bandwidths induced by all
master and slave pairs from all connection depths as follows.

— VN
vxl < X € X' Exl,xz = 4Lk=2 vaEVMZvSEVS g)rcll,xz,m,s (15)

D. Desgin Cost Factors (Network Area and Frequency)
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Fig. 2 Bandwidth accumulation in cascaded path

Decision variables CostFreq and I

The slowest crossbar determines the maximum clock fre-
quency of entire cascaded crossbar switches. Thus, we need
to find the minimum frequency among |X| crossbars. How-
ever, finding the minimum value in a set is not a linear func-
tion. To implement this function, we define a decision varia-
ble matrix I, which is one only if CostFreq equals to Freq,,
where Freq, denotes the maximum frequency of crossbar x.
Then CostFreq can be calculated with linear expressions as
follows.

Vx X,
I, £1—4§(CostFreq — Freq,) (16)
I, £1+ §(CostFreq — Freq,) a7
Yexly 2 1 (18)
CostFreq < Freq, (19)

where J is a positive fractional constant which is small
enough to make J(CostFreq-Freq,) always less than or equal
to one. In addition, it is recommended to set J as large as
possible until the aforementioned property holds for the
branch- and-bound tightness. Inequality (16) forces I, to be
zero when CostFreq is greater than Freq, while Inequality
(17) forces I, to be zero when CostFreq is smaller than Freg,.
Inequality (18) forces CostFreq to be equal to at least one of
Freq,’s. Finally, I, is allowed to be one only if CostFreq
equals to the minimum of Freq,’s by Inequality (19).

Decision variable matrix K. ,, for table referencing

Freq, can be obtained as Fpy, ps . However, table refe-
rencing with decision variables is not a linear expression.
Hence we define a new decision variable matrix K, ,,, for
table referencing, with m=0, 1,..,| V. s=0,1,..,| V|, and x EX.
K, s 1s one only when PM,=m and PS,=s. Then, this matrix
can be calculated as follows.

vo<m< |Vl 0<s<|Wland x €X

Kyms <1 —B{m—PM, + a(s —PS,)} (20)
Kyms <1+ B{m—PM, + a(s — PS,)} 21
TS Kms = 1 (22)

where o and f are positive fractional constants which are
small enough to make the terms in the parenthesis and brace
on the right-hand sides of Inequality (20) and (21) less than
one, respectively.

Then Fpy, ps, is calculated as the multiplication of con-
stant matrix F,,; and variable K, Moreover, the Con-
straint 2 can be applied by setting constraints to K, , as
follows.
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TABLE I. Application workload profile

Application I Application II
M1 M2 M3 M4 M5 M6 M7 M8 M9 | MIO | M1l | MI12 | wu au cpu | rast | idct | risc | bab | upsp | dsp
_|s1] 5 0 0 0 50 60 240 | 120 | 180 40 5 0 190 | 05 60 600 0 0 32 910 | 0.5
= £ S2| 0 5 600 0 0 0 0 0 0 300 0 5 0 0 600 | 40 0 0 0 0 0
m = |S3| 0 0 0 0 690 0 540 0 0 120 0 90 0 0 0 0 250 | 500 | 193 | 670 0
T [s4] 0 0 60 | 720 | 330 0 0 0 0 500 90 0 N/A

(M1, S1) - minimum latency required.
(M2, S2) - minimum latency required.
(M11, S1) — at most depth two connection allowed
(M12, S2) — at most depth two connection allowed

Latency Constraint

(vu, meml) - minimum latency required.
(au, meml) - minimum latency required.

For Application II, S1, S2, and S3 are memI, mem2, and mem3 in the CTG in [16], respectively

VXEX, Kypp =0 (23)
Vx € X,m € {1,2, ., IV [}, Ko = 0 (24)
Vx €X,s €{1,2, .., V5|1, Ky o5 = 0 (25)

Linear expression CostArea

The total network area, CostArea, can be calculated as the
sum of all crossbar areas found in the topology and in-
ter-crossbar pipeline stages on all crossbar-to-crossbar links
as follows.

CostArea =

Svex Zmto Zeo(Ams X Kxms) + Zx,ex Ex,ex XX, v, (26)
where y is the area of a pipeline stage. The first term in the
right-hand side of the equation is a linearized form of table
referencing operation using K, ,,, matrix, which is exactly
the same as Y ex Apy, ps, -

IV. Experiment

We applied the MILP formulation to two industrial
strength SoC designs. Table I gives the summary of two
applications including the bandwidth and latency require-
ments. Application I is +20Mgate design and has more than
50 masters/slaves. Many of masters/slaves are connected to
low bandwidth local AXI/AHB/APB buses. The design of
those buses is not as challenging as that of high performance
backbone bus. Thus, we applied the MILP-based bus design
method to the design of backbone bus that has 12 masters
and 4 slaves. Masters and slaves include video codecs,
graphics IPs, ARM11, DDR and NAND Flash memory'.
Application II is an MPEG-4 decoder with 9 masters and 3
memories [16]. In Application II, we added latency con-
straints to two masters of the CTG in [16].

For each application, we synthesized the topologies for
four different objectives; (Objective 1) to maximize the op-
erating frequency without area penalty upper bound, (Objec-
tive 2) to maximize the operating frequency with the area
penalty upper bound, (Objective 3) to minimize the total
crossbar area without clock frequency lower bound, and
(Objective 4) to minimize the crossbar area with clock fre-
quency lower bound.

For area/delay characterization of crossbar, we use AM-
BA Designer [1] to generate the RTL code of crossbar. The
synthesis result is obtained from a proprietary 90nm process
technology. For the crossbar information table, A4, is in

! More details of masters and slaves are hidden for confidentiality reason.
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mm’, and F,,; in MHz.

We set the channel bit width to 32bit (4byte). For Appli-
cation I, we set the maximum possible cascading stages, N,
to 3 and the maximum number of available crossbars, |X], to
5. For Application II, we used 2 and 5 for N and |X], respec-
tively. For Objective 2 we set the area penalty upper bound
to 30% with respect to the area of one fully connected
crossbar. For Objective 4, we used 380MHz as the required
frequency lower bound. We solve our MILP formulation
using XPRESS-MP [2] in Pentium4 based machine.

Fig. 3 shows the synthesized topologies of Application I
and II for each of the four objectives. Each inter-crossbar
link is also marked with the total bandwidth. Since the la-
tency is proportional to the cascading depth, some paths with
low latency constraints are established through only one
crossbar. As shown in Fig. 3, (M1, S1) and (M2, S2) in Ap-
plication I and (vu, meml) and (au, mem1) in Application II
are connected through only one crossbar for all cases since
they require the minimum latencies. It is also shown that
(M11, S1) and (M12, S2) in Application I are connected
through no more than two crossbars, as required in the CTG.
Regarding the bandwidth on the links, it is shown to be
within the peak bandwidth capability of the links. For in-
stance, the most loaded link in Fig. 3 (b) delivers 1590MB/s
of traffic but it is still within the ideal bandwidth of the link
which is 1612MB/s (4bytex406.5Mhz).

Table II gives the summary of experimental results. The
values in the parenthesis are the improvement (+) or the
overhead (-) with respect to the corresponding single cross-
bar design. The frequency improvement for Objective 1 is
dramatic while the area overhead is also very large. For Ob-
jective 2, considerable increase in clock frequency is
achieved within the area overhead upper bound of 30%. We
could improve both area and frequency at the same time for
Application II with Objective 3 and 4, while only Objective
4 achieved gain for Application I. Note that success in the
area minimization accompanies with the frequency gain
since we assume register-slicing on the cascaded paths. As
shown in the table, the proposed method gives much better
results in terms of frequency and/or area than single crossbar
designs for the two industrial strength designs.

V . Conclusion

We proposed a method of finding the optimal topology of
cascaded crossbar switches based on an MILP formulation.
With the database of pre-characterized area/frequency in-
formation of crossbars, we applied the MILP formulation to
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Objective 1 Objective 2 Objective 3 Objective 4
%
<
%
<
® (&
Fig. 3 Synthesized topologies (unmarked rectangle represents a crossbar switch)
Table 1I. Synthesis results Systems", ASPDAC 2007, pp. 159-164
Metric] Objective 1 | Objective2 | Objective 3 | Objective 4 [5] K. Lahiri, A. Raghunathan, and G. Lakshminarayana, "LOTTERY-
< | Freq. 304.8 BUS: A New HighPerformance Communication Architecture for
— é Arca 0,629 System-on-Chip Designs", DAC 2001, pp. 15-20
§ : [6] M. Loghi, F. Angiolini, D. Bertozzi, and L. Benini, "Analyzing
g 3 | Freq. | 418.4(+37.3%) | 406.5(+33.4%) | 371.7(+21.9%) | 384.6(+26.2%) On-Chip Communication in a MPSoC Environment", DATE 2004,
a .y
Z| £ Area | 0.903(-43.6%) | 0.813(-29.3%) | 0.549(+12.7%) | 0.613(+2.54% vol.2, pp. 752-757
| g (o (2ORCRED | PR TD DPA T R [7] R LuandC. K. Koh, "SAMBA-BUS: A High Performance Bus
@ | Time 78687 118038 3710 26220 Architecture for System-on-Chips", ICCAD 2003, pp. 8-12
| Ereq. 344 8 [8] M. Millberg, E. Nilsson, R. Thid, S. Kumar, and A. Jantsch, “The
=X Nostrum backbone - a communication protocol stack for networks on
£ Area 0392 chip”, Proceedings of the VLSI Design Conference, Jan. 2004, pp.
§ '§ Freq. | 423.7(+22.9%) | 406.5(+17.9%) 344.8(0%) | 384.6(+11.5%) 693-696
= 6 Area | 0554¢684%) | 0509(298%) | 0392(0%) 0.407(-4%) [9] S.Murali, L. Benini, and G. De Micheli, "An Application- Specific
< (‘% - Design Methodology for On-Chip Crossbar Generation", Trans. VLSI
Time 4627 470 36 39 (to appear), available at http://infoscience.epfl.cl/

Freq. in Mhz, Area in mm”, Time in seconds

two applications. The results show that our method gives
significant improvements in most of the design cases; fre-
quency improvement by up to 37.3% and area reduction by
up to 12.7% together with 21.9% increase of clock frequen-
cy. As our future work, we will integrate power consumption
into the MILP formulation.
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