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STUDY OF THE MULTI-INPUT LUT COMPLEXITY

Contex. The programmable logic integrated circuits FPGA (field-programmable gate array) used realization of the generator of
functions LUT (Look Up Table), which is configured by loading a configuration memory for calculating a logic function in perfect
disjunctive normal form (PDNF). The LUT dimension determines the technological limitations of Mead and Conway on the number of
series-connected MOS transistors. The standard number of LUT inputs for many years was 3 or 4, and 4-LUT is constructed from two 3-
LUTs with an additional 1-LUT. However, in many projects, it is required to calculate functions of a large number of arguments. This
requires a multi-input LUT, which is built as a decomposition of 3-LUT, 4-LUT. The speed of computing logic functions determines by the
delay in the coupling matrices, so this decomposition leads to a decrease in performance. In recent years, the direction of adaptive logical
modules (ALM) has been actively developing, in which the user has access to various versions of logical elements for five, six and even
seven, eight variables, which leads to an increase in performance. However, the manufacturer’s documentation does not provide a detailed
description of the features of such multi-input LUTs, taking into account the Meade-Conway constraints. In addition, there are no estimates
of complexity and speed of multi-input LUTs. The analysis of sources allows suggests a further increase in the LUT bit capacity and the
convergence of FPGA and CPLD (complex programmable logic devices) capabilities in terms of bit depth. Therefore, studies of the features
of constructing multi-input LUTs are relevant and the authors attempted to analyze the implementation of such prospective multi-bit logic

Objective. The purpose of this work is to estimate the complexity and speed of the decomposition of a multi-bit LUT.

Method. Obtaining expressions for estimating the complexity and speed of decomposition of a multi-bit LUT on a LUT of a lower bit
length.

Results. A comparison of the complexity and delay in the number of transistors in the decomposition of a multi-bit LUT in the
computer mathematics system Mathcad is performed.

Conclusions. The conducted researches made it possible to establish the features of constructing multi-bit LUTs and to evaluate
various variants of decomposition with further increase in the LUT dimension with the subsequent choice of the optimal ALM variant.
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NOMENCLATURE

ALM - adaptive logic module;

FPGA - field programmable gate array;

LAB — physically grouped set of logical resources Logic
Array Block;

LUT - the lookup table;

SRAM - static memory with random access;

LE — logical element;

RAM - random access memory;

ROM - read-only memory;

PDNF - perfect disjunctive normal form,;

k — the dimension of the basic LUT;

n — amount of elements;

X4, X3, X5, X — input variables.

INTRODUCTION

LE of programmable logic integrated circuits of FPGA
[1-3] type (field-programmable gate array) are ROM
permanent memory devices (often called LUT-Look Up
Table) implemented on a multiplexer whose data inputs are
adjusted by constants. To configure a given logical function
in RAM cells (SRAM), the corresponding truth table is
loaded. When one of the 2" paths in the transistor tree is
activated by variables, the value of the logic function is
read from the corresponding RAM cell and transmitted to
the OUT output. Variable inverters ensure the realization of
all members of a PDNF.

The optimal speed and complexity of representing typical
logic functions is the use of LUT in four variables (4-LUT).
Such LUT for the input variables x,, x5, x,, x; (setting is 16
bits) is described by the expression:
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Zoyr (X4X3%p X)) = ax4x3x2x1 vV bxax3zxax; v
V CX4X3Xy X1V dX4X3X3X) V

V ex4x3X2X1V fX4X3X2X] V EX4X3X) X1 V hX4X3XpX) V
VX4 X3X2X] V X4 X3X2X) V kX4 X3X7 X1 V IX4X3X72) V

V MX4X3X2 X1V NXgX3X2X] V OXgX3Xp X1V pXgX3x3X1. (1)

1 PROBLEM STATEMENT

Given: adaptive logic modules FPGA Stratix III in seven
variables [4, 5].

In the literature [6—8], the problems of decomposition of
multi-bit LUT are not fully covered.

It is required: to assess the complexity and speed of the
decomposition of a multi-bit LUT in order to identify features
of the construction of adaptive logic modules and the
prospects for further increasing the bit capacity.

2 REVIEW OF THE LITERATURE

Stratix IIT FPGAs have adaptive (ALM) logical blocks
that are combined into logical blocks (LAB) [4], which
implement functions of even seven variables. The
peculiarities of the implementation of such LUTs are of
interest. The fact is that due to the limitations of Meade and
Conway on the number of consecutively connected
transistors [5], the tree of transmitting transistors can not
contain more than four transistors in the chain. It is necessary
to decompose the multi-bit LUT into LUTs of lesser length,
that is, to construct a tree from the subtrees.
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FPGA Stratix III is described in a sufficient number of
sources [6—8]. The structure of such FPGAs includes the
so-called logic array blocks containing ALM, which can be
configured to implement combinational logic, including
arithmetic operations, as well as for the implementation of
automata with memory.

The ALM architecture is compatible with the architecture
of the 4-input LUTs, and one ALM can also implement any
functions up to six variables and certain functions of seven
variables. It is noted that such architecture wins on speed
and efficiency (probably, it is a question of hardware
expenses and the area of a crystal) — Fig. 1 [4].

In Fig. 1 indicates eight inputs of the adaptive LUT, which
may give the impression of the possibility of implementing
the 8-LUT. Even more confusing is the information contained
in the presentation [9], where it is indicated that for the
implementation of k-LUT, 2k bits of SRAM and a multiplexer
are also needed 24:1, but this is impossible. Different modes
of using ALM do not clarify the details (Fig. 2) [4].

Let’s consider the primary source — the documentation on
FPGA Stratix III [4], where the details of ALM are shown (Fig. 3).

Thus, it turns out that ALM is built not only on two 4-
LUTs, but there are four LUTs in 3 variables (3-LUT), that
so, from two 3-LUTs we can get one 4-LUT. Therefore, there
are only four 4-LUTs, then it becomes clear how the 6-LUT
is constructed — the two older variables e, f choose one of
the four. In Fig. 5 control signals are not indicated on a
number of multiplexers designated by trapezoids (LUT 1-6
are also multiplexers, but they are shown with control
signals, the setting is implied).

3 MATERIALS AND METHODS

Let & be the dimension of the basic LUT (k € {1, 2,3, 4} ).

For 1-LUT in principle up to »=4 there is no need for an
output inverter. More than 4 for the indicated restrictions &
at the moment is not practiced.

Let’s estimate the complexity of LUT without

decomposition (“ideal” complexity, since this can only be
up to n=4, no more):

L,=2"-8+2"1 12, (¢
where 2-8 is the number of tuning elements (six SRAM
transistors and two transistors are needed for each input of
the tuning to implement the inverter at the input of the
transistor tree); 2" — the number of inverters in n variables;
27t _ number of elements of the tree of transmitting
transistors with the output inverter.

When decomposing an n-tree with k LUT, k € {1, 2,3, 4},
n>k, n<8:

n—k

L =2"-8+Q 42k)- 2" F 122 12k Lo (3)
where 261 is the complexity of the tree k LUT; 2% is the
number of transistors in k inverters, 2% need these trees,
more LUTs for 2" inputs (which can also be decomposed)
are needed to connect the trees obtained with decomposition
of 27k trees, respectively  complexity
kAL o gn—k _pnk+2 here 27K+ s the complexity
of the tree with the output inverter, 2-2" —h Zgnhl
complexity of input inverters. The time delay in the
decomposition is estimated by the length of the maximum
path in the logical element from the input to the output. At
the same time, without decomposition — with the “ideal”

version (Figure 2) we get:
T,=n+2. @)
The path for decomposition in the transmitting
transistors is also estimated by the value n, but due to

additional inverters at the input and output in the LUT chain
(Fig. 3, 4), it will be larger:

T, =n+ 2[@} _ 5)

Adaptive
LUT

WM_ regout(0)

» combout{0)

regout(1)

1_..
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Figure 1 — Stratix III ALM
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Figure 2 — ALM in Normal Mode

4 EXPERIMENTS

In the process of investigation, schemes of various
variants of the multi-bit LUT (n> 4) were obtained and
modeled. An example of the synthesis of a 6-LUT of four 4-
LUTs and one 2-LUT is shown in Fig. 4.

In Fig. 4 2-LUT inputs have inverters, therefore, since
the number of inverters on the signal path is even, the
settings are recorded as usual.

5 RESULTS

We restrict ourselves to #=8, so it is assumed that the
additional LUT will fit into the required decomposition

parameters with k LUT, k € {l, 2,3, 4} . We use the computer

mathematics system Mathcad. The graphs for comparing
the complexity of the decomposition according to the
expression (3) n LUT over k are shown in Fig. 5
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The result is expected — the larger is the building block,
the less is the cost for implementing a complex LUT for 5, 6,
7 and 8 variables. The graphs of the change (5) for n=5...8
are shown in Fig. 6.

The graphs of the change (5) for n=7...10 are shown in
Fig. 7.

6 DISCUSSION

Thus, in the adaptive logic modules of the Stratix III
FPGA there are two 4-LUTS, as indicated in the translation
articles. However, in fact there are two more LUTs in 3
variables (3-LUT), from which two additional 4-LUTSs can be
built. In total, four 4-LUTs are obtained. It is clear how 5-
LUT and 6-LUT are built from them. There is no difficulty in
obtaining of two 5-LUTs. Therefore, the setting must contain
at least 64 bits to specify any function of the six variables. It
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Figure 3 — Stratix 11l ALM Details

is advisable in the future by analyzing the ALM setup to
obtain a logical model and check on it the compliance of the
declared capabilities of ALM with the variants depicted in
the documentation.

CONCLUSIONS

Analyzed decomposition of multi-bit LUT shows, that
the most effective in terms of complexity and speed is the
use of “building blocks” 4-LUT, as it is indicated in the
available sources. It is interesting to build LUT on the basis
of so-called 3D transistors, which are already actively used
by leading firms. There is information about mitigating the
limitations of Meade and Conway in such “advanced”
technologies. In addition, it is advisable to investigate the
problem of decomposition when introducing the fault
tolerance facilities proposed in [10] into the LUT.
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Tiopin C. @.!, I'pexos A. B.2

'3aciyxenuii BuHaxigHuK Pociiicskoi @enepartii, 1-p TexH. Hayk, npodecop, npodecop kadenpy aBTOMATHKH Ta TeneMexaHiku [lepMcbko-
I'0 HALlIOHAJILHOTO JOCIIJHULIBKOTO MONITeXHIYHOrO yHiBepcutery, Ilepm, Pocis; npodecop kadenpu MaTeMaTHYHOro 3a0€31€4eHHs] 00UUCIIIO-
BaJIbHUX cHCTeM [lepMchKOro Jepx»aBHOro HalliOHAJIBHOTO NOCITIAHHLBKOTO yHiBepcutery, Ilepm, Pocisa

’KaHJ. TeXH. HayK, JOLEHT Kad)eApH MPOrpaMHOro 3a0e3nedeHHs: 00YUCIIOBAIbLHOI TEXHIKH i aBTOMaTH30BaHUX cHCTeM [lepMCBKOTO
BilicbkOBOIO iHCTHTYTY Bilichbk HawioHanbHOI rBapaii Pocilickkoi ®enepauii, [lepm, Pocis

JOCHIXKEHHS CKJIAJHOCTI BATATOPO3PA/IHI LUT FPGA

AKTyaJbHicTb. Y IIporpaMoBaHUX JIOTYHUX iHTerpansHux cxemax FPGA (field-programmable gate array) BUKOPUCTOBY€EThCS peastizallist
rereparopa ¢yukuiii LUT (Look Up Table), sikuil HanaluToBYeThCsl LIULIXOM 3aBaHTa)KeHHs KOH]IrypauiiiHoi nam’sti Ha 0OUMCIEHHs OfHiel
JoriyHoi QyHKUIT B JOCKOHAIH 1u3’oHKTHBHINA HopMaibHiit popmi (CAH®D). Posmipuicts LUT Bu3HauatoTh TeXHONOTIUHI 0OMexeHHs Mina —
Komngeit Ha uncno nocnigosHo 3’egHanux MOII tpansucropis. CranmaptHuM uncioM BxoaiB LUT nmosri poku Oymo 3, 4, nmpuuomy 4-LUT
Oynyerbest 3 1Box 3-LUT 3 nonarkoBum 1-LUT. OznHak y 6ararbox npoekTax norpiono oduncmobatu GpyHKII BEIUKOIo YKciaa apryMenTis. s
nboro HeoOXxigHuit Gararopospsannuuit LUT, axuil Oynyerbes sk pexommnosunis 3-LUT, 4-LUT. llIBuaxonis oOuucneHHs JOriYHUX (QyHKIIH
BU3HAYAETHCS 3aTPUMKOIO B MATPHLSAX 3B’S3KIB, TOMY Taka JEKOMIO3HLis NPU3BOAUTH 10 3HIDKEHHS IBHUIKOAIL. B ocraHHI poKH akTHBHO
PO3BHBAETHCS HAPSMOK aalTUBHUX JIOTTYHUX MOzyliB (AJIM), B sIKMX KOpHCTyBaueBi JOCTYIIHI pi3Hi BapiaHTU JIOTIYHUX €JI€MEHTIB Ha I1’SITh,
LIICTH 1 HABITH Ha CiM, BiCIM 3MIHHHX, 1110 TIPU3BOAUTS 10 MiIBUIIEHHS MBH Kol OHAK, IeTaIbHUIN OIIC 0COOMMBOCTEH TAKMX Oararopo3psa-
nux LUT 3 ypaxyBanusm oOMexxeHb Mina-KoHBeid, OLIHOK CKJIaJHOCTI 1 MIBUAKOAIT B JOKYMEHTaLii BUpOOHUKIB BiICYTHS. Y TOMH e yac aHali3
JUKEpEN JI03BOJIsIE 3p00UTH BUCHOBOK TPO mojanbiie 30inpuieHHst po3psanocti LUT 1 36mmkenust moxnusocreir FPGA i CPLD (complex
programmable logic devices) B miani po3psuuocti. Tomy mocmimkenHs ocobnuBoctei modymoBu Gararopospsiaaux LUT € akryansHuMH i
aBTOpaMH 3po0neHa crpoba aHawi3y peanizamii Takoi HepCHEKTHBHOI 6araTopo3psaHOI JOTIKH.

Meta po6oTH — OLIHKA CKJIAIHOCTI 1 IIBUIKOAII IIPH AeKoMIo3uiii 6araropospsygaoro LUT.

Mertoa. OtpumaHHs BHpa3iB Ui OL[IHOK CKJIQJHOCTI 1 IBUAKOIT qekommo3uiiii 6araropospsigaoro LUT va LUT meHmioi po3psiqHOCTi.

PesyabTaTn. BukoHaHO NMOpIBHAHHA CKIAAHOCTI Ta 3aTPHMKHU B KUTBKOCTI TPaH3UCTOPIiB HpH mexommo3unii 6araropospsauoro LUT B
crcTeMi KoMIT foTepHoi Marematuku Mathcad.

Bucnosxku. IIpoBenieHi TOCTmKEHHS 103BOIMIN BCTAHOBUTH 0coOIMBOCTI M0OynoBu O6araropo3psnaux LUT i oniHtoBaT pi3Hi BapiaHTH
JIeKOMIIO3UIIIT IPH MofanbuIoMy 30inpmenHi po3mipHocTi LUT 3 moganeimM BHOGOPOM ONTHMAIBHOTO BapiaHTa ALM.

Kuarouogi cioBa: soriunnii enement, [IJIIC tunty FPGA, LUT, tpan3ucrop, afanTUBHUR JToriaHMi MOayTh ALM, TeKOMIIO3HI1is, CKJIaAHICTb,
ILIBHIKOIISL.

Tiopun C. @.!, I'pexos A. B.2

'3acmyxenHsIit n300perarens Poccniickoit Menepannu, A-p TeXH. HayK, mpodeccop, mpodeccop Kadeapsl aBTOMATHKH U TeNeMEXaHUKH
IepmMcKoro HaIMOHAIBHOTO MCCIEI0BATENBCKOTO TOMMTEXHNIECKOTO YHUBEpCHTeTa, [lepmb, Poccus; mpodeccop xadenpsr MaTeMaTHIeCcKoro
obecriedeHns] BBIYUCIUTEIBHBIX CHCTEM [lepMCKOro rocynapCcTBEHHOTO HAIMOHAIBHOTO MCCIEA0BATENBCKOTO yHUBEpcHTeTa, [lepmb, Poccus

*KaHJ. TeXH. HayK, IOLCHT Kadephl IPOrPaMMHOTO 00ECIICICHHUS BRIYMCINTEIFHON TEXHUKA M aBTOMATH3MPOBAHHBIX crucTeM [lepMckoro
BOGHHOTO MHCTHUTYTa BOMCK HAIlMOHANBHOM rBapauu Poccuiickoit ®enepannn, [lepmb, Pocenst

HUCCIIEJOBAHUE CJIOKHOCTHU MHOI'OPA3PAJHBIX LUT FPGA

AKTYaJIbHOCTB. B mporpaMMupyembIx JIorndeckux MHTerpanbHbeix cxemax FPGA (field-programmable gate array) ucrons3yercst peanu-
3anust reneparopa ¢yakuuit LUT (Look Up Table), koTopsiii HacTpamBaeTcsi myTeM 3arpy3Kd KOH(GUTYpPaMOHHOW MaMsATH HAa BBIYMCIICHHE
OIHOI1 JIoTHYeCcKOl (PYHKIIMY B COBEPIIEHHOH AU3BIOHKTHBHOW HOpManbHOH (opme (CAHD). Pazmeprocts LUT ompenemnsiror TexXHOIOTHYIEC-
kue orpanndenns Muja u Konseil Ha uncio nocnenoBarensHo coenuHeHHBIX MOII pansucropos. CrannaptHeM unciaom Bxogos LUT nonrue
ronsl 0610 3, 4, mpuuem 4-LUT crpoutes u3 nByx 3-LUT ¢ momomautensabiM 1-LUT. OgHako BO MHOTUX TpoeKTax TpeOyeTcsi BRIYUCITH
(yHkunn G6ompioro yncna aprymenToB. s atoro Heooxonum MHoropaspsianbiid LUT, xotopsiid ctpoutes kak nexomnosuiust 3-LUT, 4-LUT.
BeicTponeiicTBre BBIYHUCICHNUS JTOTHYECKUX (DYHKIMI ONpEAensieTcs 3aIep>KKOi B MAaTpHIaX CBSA3EH, O3TOMY TaKasl AEKOMITO3HLIUS IPUBOAUT K
CHIDKEHHIO OBICTpOIEHCTBYS. B mocienHue roapl akTHBHO pa3BUBAETCS HANPABICHHE aJalTHBHBIX JIOTHUecKuX Momynei (AJIM), B KOTOpBIX
TI0JTb30BATENIO JIOCTYITHBI PAa3INYHbIE BAPHAHTHI JIOTHUECKUX JIEMEHTOB Ha IISTh, IIECTh U JIa’KEe HA CEMb, BOCEMb IIEPEMEHHBIX, YTO IIPUBOAUT K
TIOBBIIIEHNUIO ObIcTpozeiicTBusA. OnHaKo, AETaNbHOE ONMMCaHUe ocoOeHHOcTel Takux MHoropaspsiaabix LUT c yuerom orpanndeHunit Mupna-
KomnBeii, OIIEHOK CII0XKHOCTH M OBICTPOJICHCTBHUS B JOKYMEHTAIIUU MIPOU3BOAMTENEI OTCYTCTBYET. B TO e BpeMs aHalIN3 HCTOYHUKOB TTO3BOJISET
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clenaTh BBIBOJ O JaibHeleM yBenuueHuu paspaaHoctd LUT u compxennn BozmoxHocteil FPGA u CPLD (complex programmable logic
devices) B rutane pa3psaHocTd. [loatomy nccnenoBanus ocobeHHOCTEH TocTpoeHust MHOropaspsaausix LUT sBisiIoTCs akTyalbHBIMHU U aBTOpa-
MM IIPEANIPUHSATA [TONBITKA aHAIN3A PEATN3alMy TaKOH IepCIEKTHBHOW MHOTOPA3PsIHOM JIOTHKH.

Lleab padoThI — OLICHKA CIOKHOCTH M OBICTPOAEHCTBHS IPH JEKOMIO3UIMU MHoropaspsitHoro LUT.

MeTtoa. IloiyyeHue BbIpa>keHUH ISl OLIEHOK CIIOKHOCTU M OBICTponeicTBus Jexomno3uimu MHoropaspsaHoro LUT na LUT menbimei

Pa3pAIHOCTH.

PeSy.]'l])TaT])I. Brimonneno CpaBHEHUE CIIOXKHOCTU U 3aJICPIKKH B KOJIMYCCTBE TPAH3UCTOPOB IIPHU ACKOMIIO3UIIUU MHOI'OPA3psiIHOIO LUT B

CHCTeME KOMIIbIOTepHOH MaremaTtuku Mathcad.

BuiBoabl. [IpoBeneHHbIE UCCIIEIOBAaHMS TTO3BOJIMIIM YCTAHOBHTH OCOOCHHOCTH NOCTpOeHHs1 MHOropa3psausix LUT u oneHuBats pasimd-
HBIC BAPHAHTHI JICKOMITO3UINH P JaibHEHeM yBeandeHnn pasmeprocti LUT ¢ nocnenyronmm BEIOOpOM onTHMaIbHOrO BapuanTa ALM.
Kuatouesrble cioBa: nornueckuii anement, [IJIVC tuna FPGA, LUT, tpan3ucrop, afanTUBHBIH Jorudeckuii Moxyns ALM, 1eKoMITO3HIS,

CIIOKHOCTB, OBICTpOZEiiCTBUE.
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