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Abstract—This paper presents a satisfiability-based method for solving \jZ/

the board-level multiterminal net routing problem in the digital design of
clos-folded field-programmable gate array (FPGA) based logic emulation Crossbar A Crossbar B
systems. The approach transforms the FPGA board-level routing task into

a Boolean equation. Any assignment of input variables that satisfies the Fig. 1. An instance of 2BLRP (2, 2, 4, 8).

equation specifies a valid routing. We use two of the fastest Boolean sat-

isfiability (SAT) solvers: Chaff and DLMSAT to perform our experiments.

Empirical results show that the method is time-efficient and applicable to

large layout problem instances.

Index Terms—Digital design, layout, logic emulation, satisfiability, very II. PROBLEM DEFINITION AND RELATED WORK

large scale integration (VLSI). A. Problem Formulation

The FPGAs are referred to akips Let us assume that all chips are
identical and the interconnection crossbars are used only to connect
There has been an ever increasing interest in computing engifgghe chips but not to each other. L&t be a set ofp identical
based on field-programmable gate arrays (FPGAs) [1]. These engipgasA chips, numbered by, 2, ..., p. A chip has a set of 1/O ports.
make possible high-speed reconfigurable prototyping [11] and emujgy ports of each chip arevenly divided into & groups of size
tion systems [5]. There are two major steps in using FPGAs for prg; . g, 5, ... 5. . We assign a distinct type for each group,
totyping or logic emulation. First, the large design is partitioned sugh_ ; .. We use labels: A, B, C,. ., to represent their types. An

that each subcircuit can fit into the FPGAs available on the hardwgjg port in a groupS; possesses the type 6f. In other words, we say
platform [11]. Second, the board-level routing problem (BLRP) is Pefro ports of each chip are evenly divided intaroups of sizer such

formed to connect signals between the FPGAs [6], [7]. In hardwa{ﬁat () typeS1 ), type(Sz), ..., type(Si) are pair-wise distinct; (ii)

platforms such as the realizer [2] and the enterprise emulation [4] sg§ia5 ) = Size(Ss) = — SizgS) = m
tems, the set of FPGAs are interconnected by field-programmable in- trle folIowinngm is.t.r;e numberkof the bins having the same type
terconnect chips (FPICs) using a partial crossbar architecture (also.re- ’

ferred to as a clos-folded network [2]). In this architecture, the pirllg each chipk is the number of types in each chip which represents the

of the FPGAs are divided int&V subsets, wheré is the number number of crossbars, apds the number of FPGA chips. Pins of each

of FPICs. All pins belonging to the same subset number in differeﬁlf_"p are evenly routed tbcrcigsbar SW'tCh?S usiny nets. A %BLRP
FPGAs are connected to the same FPIC. In such a system, any cird{if Parametersu, k, p andV' is denoted bgBLRP(m. k. p, N'). An
1/0s will have to go through an FPIC to reach the FPGAs. For this pdpStance of the 2BLRP(2, 2, 3, 6) is shown in Fig. 1, where= 2,
pose, a number of pins on each FPIC are reserved for I/Os. An exarrfﬁ)IE 2,p = 3,andN = 6.
of the partial crossbar architecture is illustrated in Fig. 1, showing threeA Multiterminal board level routing problen(BLRP) is de-
EPGAs and two FPICs. fined as follows. Given a set of multiterminal interchip nets
In this paper, we specifically consider the BLRP. The BLRP ha¥/ = {ni.m2,....nx}, whereny = {ir,....is}, iy # in, ig,
been previously studied in [6]-[8], and [10] and various algorithmis € {1,....p}, g,k € {L,... s}, = 1,2,..., N, find an assign-

|. INTRODUCTION

proposed, but no experimental results for large problems were raent of M to I/O ports ofF' such that, for each net, = {i1,...,i.},
ported. We present a new satisfiability-based methodology for solvitype(is ) = type(in), ig # in, iz, in € {1,...,p}, 9, h € {1,..., s},
the BLRP in partial crossbar architectures. Unlike previous heuristieg)dt = 1,2,..., N.

our algorithm is a complete method and will find a routing solution

if it exists. B. Previous Work

The remainder of this paper is organized as follows. In Section II,
we will define the problem formally and review the related work. In Some heuristics were proposed for solving the BLRP in [2] and
Section I, a novel approach based on satisfiability is presented. HR}. Optimal algorithms for board-level routing, when all nets are two-
perimental results are presented in Section IV. Section V concludes teeminal nets and the 1/0-pin subset size is even, were proposed in-
paper. dependently by Chan and Schlag [10] and Mak and Wong [7]. An
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lll. SowvING BLRP(M, K, P, N) VIA SATISFIABILITY The first set of closure constraints for all nets:
A. SAT Formulation ey, Vel =1 wd, Vel =1
In order to reduce BLRP to the satisfiability formula, it is necessary agy L, Vel =1 wfy , Vab =1

to encode the problem by introducifpolean variablesand formu-
lating Boolean constraints in terms 8AT clausesGiven the problem
with N multiterminal nets and types of 1/O ports, it is reasonable The second set of closure constraints on chip 1 with pin tpe
to introduceN' x & Boolean variables to encode the problem. EacK ) = {wth_,,,, wth_.,, 15 .., 215 ..}
variable represents the possibility to route the given net using oke of
possible pin types. If the variable is 1, the routing includes the given *12—n1
possibility; if the variable is 0, this possibility is not used. afy o Vel vl o=1afdy Vel vl =1
To express the constraints, consider the set of requirements for
feasible solution. The requirements are of two types 1) the coverin
constraints and 2) the closure constraints. The first group of constraif

ensures that each net is routed at least once. The second group ensCL?r%séfra'nts' Itis easy to veriy that the assignments of variables corre-

that in 2a) no net is routed more than once, and that in 2b) for each cﬁPpoi] %r;g%tglér;i;o#téog ol?tlzlr?é Clksoa:ctltifg Lﬁggggty Ze;pori):éﬂsit srlenn:ie

and each pin type, the number of associated nets does not exceed tﬁ' )
’ - number of the closure constraints of the second type. It grows exponen-
number of available pins.

1) Covering Constraints:For each net, there is only one covering tially with the number of nets involving the given chip. However, it is

constraint. This constraint relates all the variables associated with tRPslynom'al for smalkn. Assuming that all pins of the chips are used,

net in the following way: there arez = k™m nets connecting each chip. Then, the total number
’ of clauses can be approximated as follows:

A B _1. .A B _
iy, V B3, =1 iy VB3 = 1.

A A _1. A A A 1.
Vaiy o, VI p, =1 '77127n1vm127712\/ml37n6_17

%imilarly, the other closure constraints can be obtained for chips 1, 2,
ﬂsd 3 with types A and B, respectively, and each of them contains four

J; \/;ti\/---\/;vl; =1.
. . A’xl—l—N’xw—kpxkx(kX’n)
As discussed above, this formula means that the net can be routed ) 2 m4+1]/
using any pin type.
2) Closure Constraints:The first type of closure constraints re-
quires that each net was routed no more than once. In other words, IV. EXPERIMENTAL RESULTS
among each pair of variables,, x;), at least one is assigned to zero g jntially attempted to use a method based on Boolean decision
PRy, Z =1, Vi, je{l2... .k}, i#j diagrams (BDDS) to solve the Boolean equations representing

BLRP. However, The number of variables needed to represent the
Let mf{b,ni be a Boolean variable representing amgtonnecting routing problem is measured in hundreds and often thousands. The
chipsa andb using pin typek. We need to introduce the set of variableBDD-based implementation failed due to the explosize BDD size for
X corresponding to nets connecting chipith other chips using the problems with large number of Boolean variables. Thus, we could not
pin typek. More formally, we have solve even the smallest examples out of those that are listed in the
i B experimental results section below.

Xo = {'T’ab*nl (a=c)v(b= C)}- We subsequently formulated the routing constraint§'asF for-
mulas that were checked by SAT solvers. We used two of the fastest
solvers [13] from the numerous available SAT solv&hbaff[14] and
. . . . DLMSAT[12] (also known as DLM), which are complete and incom-
pin typek. Among variables belonging thi- thgre should be no more plete solvers, respectively. Chaff employs a conflict resolution, conflict
tha.nm varlables.equal_io 1. In other words, in every gro“Pm# 1 clause addition, and nonchronological backtracking scheme similar to
variables belonging t& ¢, there should be at least one variable equ%RASHlS], but employs watch lists to speed up its executioM is

to_f_).f late th traints. it | t te th's tadisc:rete Lagrange-multiplier-based global-search method for solving
0 formulate these constraints, 1t1S necessary to create tht Set satisfiability problems. In contrast to clause weight schemes that rely

for each chip and each pin type, and next take all possible combinati ?y on the weights of violated constraints to escape from local minima,

of m + 1 variables in the negative polarity. The illustration of this typ(bLM uses the value of an objective function to provide further guid-

of constraints is given below. . P . -
i - ance. The dynamic shift in emphasis between the objective and the
3) An Example:We use th_e example in Fig. 1 to show our SAT for'constraints is the key of Lagrangian methods. One of the major ad-
mulation. The variables are introduced as follows. There are 12 var

. - _%/Entages obLM method is that it has very few algorithmic parameters
ables totally. The solution shown in Fig. 1 corresponds to the foIIowm[g be tuned by users and the search procedure can be made determin-

The second type of closure constraints combines all variables
that correspond to all nets connecting chiwith other chips using the

assignment: istic. DLM often performs as one of the best existing methods and can
Chips 1 and 2: x‘%,m = L, @hn, = 0,2, = 0, achieve an order-of-magnitude speedup for some problems.
Trp—py = 1 Our test results presented in Table | are of great importance since
Chips 2 and 3: m%*na = Lo, = 0,2 ., = 0, we have the first experimental results for the problem studied in [6].
Fa3—ny = 1 Our programs and results are available online [Bgnchmarks the
Chips 1 and 3: w%—ns = 1, @f5-n, = 0, 2., = 0, name of a generated benchmarkis the number of chips (FPGAS).
Ti3—ng = 1 K is the number of pin types (FPICS){ is the number of pins of

The constraints can be expressed as follows.

! ) each type.NV is the number of netslaxr is the largest number of
The covering constraints for all nets:

terminals (size) of a netdve is the average size of all ne®Bin% is

A B =1. 22 B -1 the average pin utilization/arsis the number of variables needed to
*l"IQ—nl \ ‘1’12—771 — ‘1’12—772 \% l"IQ—nZ — L .

4 B A B _ encode the problem for tf®ATsolver.Clausess the number of clauses
T23—ng VT2—ng =L To5p, V¥op, =1 given to theSATsolver.Literalsis the number of positive and negative

Ty VAl =1 ais_,, Vats_,, =1 polarity literals in all clausesRrepis the time needed to transform the
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TABLE |
EXPERIMENTAL RESULTS
Benchmark P [K|M| N |Max | Ave | Pin% | Vars | Clauses | Literals | Prep | Routability | DLM | Chaff
p020_k5_m2 n07 | 20| 5| 2| 49 71 4.0 98| 245 12039 35725 0 yes 0.03 0.68
p020_k5_m2_n08| 20| 5| 2| 52 8] 3.8 99| 260 12147 36025 0 yes 0.04 1.31
p020_k5_m2 n06| 20| 5| 2| 59 6] 33 97| 295 12149 35975 0 yes 0.03 2.01
p020_k5_m2 n05| 20| 5| 2| 64 51 3.1 991 320 12279 36325 0 yes 0.02 0.22
p020_k5_m2 n04| 20 5| 2| 76 4f 26 99| 380 12411 36625 0 yes 0.02 0.16
p020_k5_m3_nl4| 20| 5| 3| 55 13| 5.4 99| 275| 133855 534375 0.09 yes 2.37| 85.88
p020_k5_m3_nll| 20| 5| 3| 60 11| 50| 100] 300| 135340| 540220| 0.1 yes 0.43] 100.71
p020_k5_m3_n09| 20| 5| 3] 66 91 45 991 330| 132051 526950 0.09 yes 0.39 2.28
p020_k5_m3_n08| 20| 5| 3| 68 8| 44| 100] 340 132898| 530300 0.09 yes 0.32 0.33
p020_k5_m3_n07| 20| 5| 3| 77 71 391 100| 385 132997 530525| 0.09 yes 0.50 10.29
p020_k5_m3_n06| 20| 5| 3| 88 6| 34| 100| 440]| 134218 | 535200 0.09 yes 0.35 83.91
p020_k5_m3_n05| 20| 5| 3| 99 51 3.0 99| 495| 134339| 535475| 0.1 yes 0.28 69.36
p020_k5_m3_n04| 20| 5| 3|114 4| 26 99| 570| 134504| 535850( 0.09 yes 0.30 0.99
p020_k3_m3_n08| 20| 3| 3| 36 81 5.0{ 100| 108 7536 29892 0 yes 0.04 0.01
p020_k4_m3_nl0| 20| 4] 3| 30 10| 6.0 751 120 21110 84080 0 no N/A 0.08
p020_k4_m3_n08| 20| 4| 3| 67 81 3.6{ 100| 268 39409 1568321 0.02 yes 0.11 0.19
p020_k5_m3_nl5| 20| 5| 3} 30} 15| 8.0 80 150 91620 | 365910 0 no N/A 0.01
p020_k7_m3_n08} 20| 7| 3]105 81 40| 100{ 735| 8110553240125 0.62 yes 3.59) 207.79
p050_k5_m3_n07{ 50| 5| 3|150 71 4.0 80| 750| 244720 975030 0 no N/A 0.01
p050_k5_m3_n08| 50| 5| 3|171 8| 44| 100| 855! 3379561348575 0.25 yes 2.85| 109.56
p050_k6_m3_n08| 50| 6] 3|212 8| 4.2 9911272} 9112223638952 0.65 yes 9.54| 109.20
p050_k7_m3_n08| 50| 7| 3241 8| 43 99 | 1687 | 2070897 | 8274189 | 1.57 yes 23.97 | 1453.00
p100_k5_m3_n08|100| 5| 3|344 8| 44| 100|1720| 6844642731320 0.48 yes 10.54| 112.62
p150_k5_m3_n08 | 150 | 5| 3552 81 4.1 100 | 2760 | 1024647 | 4088100 | 0.72 yes 7.31 69.64
p200_k3_m3_n45|200| 3| 3| 45| 45(240 60| 135 15843 63057 0 no N/A 0.01
p200_k4_m3_n55|200| 4| 3| 50| 55(28.0 581 200 70646 | 281984 0 no N/A 0.01
p200_k5_m3_n55[200| 5| 3| 90| 55(28.0 84| 450 8627303449210 0 no N/A 0.01
p200_k5_m3_n08 | 200| 5| 3|717 8| 42| 100|3585|1368537|5460525| 1.1 yes 14.6 91.11
problem into aSATinstance DLM andChaffare the times needed to V. CONCLUSION

solve the problem bpLM andzChaffSAT solvers, respectively. The . e .
runtime is in seconds on 850-MHz Pentium IIl with 1-GB RDRAM Ve have studied a satisfiability-based method for solving the board-

(only a small part of memory has been used). The run time can Iﬁgel multiterminal net routing problem in partial crossbar FPGA based
improved by fine-tuning th&ATsolver parameters. All solutions havelogic emulation systems. Our approach transformed the FPGA routing
been automatically verified using a built-in verifier. task into a Boolean equation. If the problem is not satisfiable, a feasible

For the same parameterslf i, andM , we increaséV (number of routing does not exist. Experimental results demonstrate its time-effi-

nets) gradually. It is pretty clear that the number of variables, claus‘{'-:igncy and applicability to large layout problem instances.

and literals generated in our satisfiability formulation also increases

with V. However, the time it takes for tHeLM SAT solver does not

necessarily increase with the risidg. The same phenomenon can be

observed for the number of chip#’). IncreasingP (and V) results  The authors would like to thank W. K. Mak for helpful discussions.

in more variables, clauses, and literals. But the time it takes to solve

the problem does not necessarily increase itiSinceDLM trans-

forms the routing problem into discrete Lagrangian domain, the time it REFERENCES

takes tq solve the problem is not directly proportional to the number of[l] S. D. Brown, R. J. Francis, J. Rose, and Z. G. VraneSield Pro-

constraint clauses. We have tested two sets of probléfs: 2 and grammable Gate Arrays Norwell, MA: Kluwer, 1992.

M = 3. It takes a longer time to solve the problem far = 3 than [2] J. Varghese, M. Butts, and J. Baatcheller, “An efficient logic emulation

for M = 2. This is understandable as more pins implies more com- __ system,"IEEE Trans. VLSI Systvol. 1, pp. 171-174, 1993.

plexity for the problem. For the majority of cas&hafftakes longer ] M. Slimane-Kadi, D. Brasen, and G. Saucier, *A fast FPGA proto-
. . LS typing system that uses inexpensive high-performance FPIQRtadn.

to compute thaLM. This does not necessarily mean tdduaffis in ACM/SIGDA Int. Workshop Field-Programmable gate Artay@94.

general slower thaDLM. There are a lot of other parameters that could [4] L. Maliniak, “Multiplexing enhances hardware emulatiorElectron.

be tuned by these SAT checker implementations to speed up the run-  Design pp. 76-78, 1992.

time for particular types of problems. In additia®haffis a complete  [3] ISE.EVI\EIaIIDterS" “(%omputir-igieldggp{ototyping for ASIC-based systems,”

SATche_ck_er that is able to confirm unroutability. This is very important 6] W.K. Mzi'gﬂd E)S.uljr?Wong,"‘Board-level multi-terminal net routing for

as heuristic methods and local searches [@ka/) run forever under fpga-based logic emulation,” iRroc. Int. Conf. Computer-Aided De-

those circumstances. sign, 1995, pp. 339-344.
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tion,” IEEE Trans. Computer-Aided Desigvol. 16, pp. 282-189, Mar. . L .
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[8] S.Lin,Y.Lin, and T. Hwang, “Net assignment for the FPGA-based logiformance microprocessors are the two primary reasons for im-
emulation system in the folded-clos network structul&EE Trans. plementing a dua¥pp microprocessor [1]. Due to the quadratic
Computer-Aided Desigvol. 16, pp. 316—-320, Mar. 1997. ; i ;

[9] N.C.Chou, L. T. Liu, C. K. Cheng, W. J. Dai, and R, Lindelof, “Circuitdependence of the dynamic switching power an_d the more than linear
partitioning for huge logic emulation systems,’Rmoc. Design Automa- dependence of the Subthre§hqld iand_gat.e (_))_('de leakage power on
tion Conf, 1994, pp. 244-249. the supply voltage, power dissipation is significantly reduced when

[10] P. K. Chanand M. D. F. Schlag, “Architectural tradeoffs in field-proportions of a microprocessor operate at a lower voltage level. A linear
grammable-device based computing systemsProt. IEEE Workshop  re|ationship exists between the current demand and power consump-
on FPGAs for Custom Computing Machpr. 1993, pp. 152-161. ti f . Reducing th . ti

[11] M. Gokhale, W. Holmes, A. Kopser, S. Lucas, R. Minnich, and pon Ora mICroprocessor. _e ucing emaX|mum power FO“S“mp on,
Sweely, “Building and using a highly parallel programmable logi¢herefore, reduces the maximum current required by a microprocessor,
arrays,”Comput, vol. 24, pp. 81-89, Jan. 1991. thereby decreasing the number of power and ground pads on a

[12] Y. Shang and B. W. Wah, "A Discrete lagrangian-based global-searghicroprocessor die. In order to maximize this reduction in current,
metg"d fogiog’é”glgggﬁ'ab”'ty problemsJ. Global Optim, vol. 12, 6 ower voltage supply of a dudinp microprocessor should be
no. 1, pp. 61-99, . . ; . . .

[13] M. N. Velev, “Effective use of boolean satisfiability procedures in théntegra’[ed on the §ame die with the_ mlc_roprocessor. Moreover, in
formal verification of superscalar and VLIW microprocessorsPinc.  order to fully exploit expected reductions in power and current, the
ACM/IEEE Design Automation ConEas Vegas, NV, June 18-22, 2001, energy overhead of an integrated dc—dc converter to produce a second
pp. 226-231. _ _ voltage level must be minimized.

[14] M. W. Moskewicz, C. F. Madigan, Y. Zhou, L. Zhang, and S. Malik, Buck t lar due to the hiah effici d d
“Chaff: Engineering an efficient SAT solver,” iRroc. Design Automa- uck converters arg popular ue_ (_) € high e '_Clen_cy ana goo
tion Conf, June 18-22, 2001, pp. 530-535. output voltage regulation characteristics of these circuits [2]-[5]. In

[15] W. N. N. Hung, , http://www.ece.pdx.edu/~whung/BLRP, Aug. 2002. single power-supply microprocessors, the primary power supply is typ-

[16] R. G. Wood and R. A. Rutenbar, "FPGA routing and routability estiically an external (nonintegrated) buck converter. In a déat- micro-
mation via Boolean satisfiability [EEE Trans. VLSI Systvol. 16, pp. - rqcessor, the choices are either a second external de—dc converter, or
222-231, June 1998. - i . . .

a monolithic (both active and passive devices on the same die as the
load) dc—dc converter.

In a typical nonintegrated switching dc—dc converter, significant
energy is dissipated by the parasitic impedances of the interconnect
among the nonintegrated devices (the filter inductor, filter capac-
itor, power transistors, and pulse width modulation circuitry) [3].
Moreover, the integrated active devices of a pulsewidth modulation
circuit are typically fabricated in an old technology with poor parasitic
Volkan Kursun, Siva G. Narendra, Vivek K. De, and Eby G. Friedmza'lqu:)(acj""r":fe characteristics. ) ) .

Integrating a dc—dc converter with a microprocessor can potentially
lower the parasitic losses as the interconnect between (and within) the

Abstract—An analysis of an on-chip buck converter is presented in this dc—dc converter and the microprocessor is reduced. Additional energy
paper. A high switching frequency is the key design parameter that simulta- - savings can be realized by utilizing advanced deep submicrometer fab-
neously permits monolithic integration and high efficiency. A model of the  (ication technologies with lower parasitic impedances. The efficiency

parasitic impedances of a buck converter is developed. With this model, a . . - S
design space is determined that allows integration of active and passive de- attainable with a monolithic de—dc converter, therefore, is higher than

vices on the same die for a target technology. An efficiency of 88.4% at a & honintegrated dc—dc converter.
switching frequency of 477 MHz is demonstrated for a voltage conversion  Fabrication of a monolithic switching dc—dc converter, however,
from 1.2-0.9 volts while supplying 9.5 A average current. The area occupied jmposes a challenge as the on-chip integration of inductive and
by the buck converter is 12.6 mni assuming an 80-nm CMOS technology. 44 citive devices is required for energy storage and output signal
An estimate of the efficiency is shown to be within 2.4% of simulationat _ " . . .
the target design point. Full integration of a high-efficiency buck converter  filtering. Integrated capacitors and inductors above certain values are
on the same die with a dualVpp microprocessor is demonstrated to be Not acceptable due to the tight area constraints that exist within high
feasible. performance microprocessor integrated circuits (ICs). Another signif-
Index Terms—Buck converter, dc-dc converter, dual supply voltage, iCant issue with integrated inductors is the poor parasitic impedance
high efficiency, integrated inductors, low power, low voltage, modeling of Characteristics which can degrade the efficiency of a voltage regulator.
dc—dc converters, monolithic dc—dc conversion, multiple supply voltages, The value, physical size, and parasitic impedances of the passive
power supply, supply voltage scaling, switching dc—dc converters, voltage devices required to implement a buck converter, however, are reduced
regulator. with increasing switching frequency [2]—[4]. Integrated capacitors of
small value (used for decoupling and constrained by the available area
on the microprocessor die) are available in high-performance micro-
processors [6]. Furthermore, with the use of magnetic materials, a new
integrated microinductor technology with relatively small parasitic
Manuscript received July 30, 2002; revised October 19, 2002. This work wiégpedances and higher cutoff frequencies (over 3 GHz) has recently
supported in part by a Grant from Intel Corporation. been reported [7]. Therefore, employing switching frequencies higher

neering Depariment, Unversiyof Rochester, Rochester, Nv 14627-0231 U, (1 typical switching frequency range found in conventional
S. G. Narendra aﬁd V. K. De are with the I’\/Iicroproces’sor Research Labo@-_dC converters permits the on-chip integration of active and passive

tories, Intel Corporation, Hillsboro, OR 97124 USA. devices of a buck converter onto the same die as a high-performance
Digital Object Identifier 10.1109/TVLSI.2003.812289 Microprocessor.

Analysis of Buck Converters for On-Chip Integration
With a Dual Supply Voltage Microprocessor
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