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Huceprarniitna po0OoTa MNpUCBAYEHA TOCTIIHKEHHIO (DEHOMEHOJOTIYHUX MOJIeNIeH
nam’sITi JIIOJJUHU Ta TBapHUH MUISXOM IMOJaHHS B HEHPOHHHUX MEpekax JaHUX, [0 MAIOTh
MIeBHY CTPYKTYpY (i€papXiyHy, CEMaHTUUYHY TOII0). OCHOBHUM 3aBJIaHHAM JIHCEPTAIlitHOT
poboTu € moOyaoBa Ta aHaji3 TIOPUAHOTO CEMAaHTUYHOTO CXOBHINA, fK€ OU Malo
MOXJIMBICTh 30epiratv IUTICHI JaHl (HAmpUKIad, CTPYKTYpH B3a€EMOIOB’SI3aHUX 1
MOCIIJIOBHUX Tap KIKOY-3HAYEHHS) y HeWpoHHIA Mepexi. KoHCTpykmii mam’sTi ams
BUPILIEHHS TAKO1 3a/ayl NponoHyBauch y 1990-ux, mpoTe HE € NMPAKTUYHUMHU Yepe3
HEJIOCTATHIO MacIITabOBaHICTh Ta HU3BKY IIUIBHICTH 30€piraHHs. 3ampornoHOBaHa MOJIETh
CS-SDM 3a paxyHOK BUKOPUCTAaHHS TPETHOI TEOP1i — CTUCKAIOYMX BUMIPIOBAHb - 3aIIOBHIOE
ICHYIOUMH pO3pUB MK JABOMa (PEHOMEHOJOTIYHUMH MIAXOJaMU JIO MOJICIIFOBaHHS
OiloyoriyHOT mam’siTi. Yce BHUILE MepepaxoBaHE 3YMOBIIOE aKTYaJbHICTh TUCEPTAIiiHOI
po0oTH.

HaykoBa HOBHU3HA poOOTH MOJISTAE B pO3POOII Ta TOCTIIKEHHI XapaKTePUCTHK HOBOT
riopuaHoi Mozeni po3pimkeHo-po3noaiieHoi mam’sti CS-SDM. Ls mozgens Bhoepiie
noeHaa ABa HanpsiMu (PEHOMEHOIOTTYHOTO MOJICJIFOBAHHS T1aM *sIT1, 3a0€3MEeUNBIIIN YMOBHU
e¢(EeKTUBHOTO BHUKOPUCTAHHS PO3PIIHKEHO-pO3MmoaieHoi maM'sti tumy SDM. Takox
ynepiie OyJjo 3amporoHOBaHE 3aCTOCYBAaHHS TeOpii CTUCKarouux BuUMiproBanb (CS) mis

MojentoBaHHs mpupoaHoi nam'sati. EdpextuBnicts CS-SDM nosenena sik popManbHO, TakK 1



excriepuMenTaibHo. CS-SDM € nepioro mTyqyHO0 HepoMepexero, 0 y TOBHIN Mipi Ta
3 TPAKTUYHO MPUIATHOIO E€MHICTIO J03BOJs€ 30eperatu CTPYKTypoBaHI JaHHI, TOOTO
npuaaTHA s 30€pEeKEHHS] CEMaHTHKU.

Monens CS-SDM mae psin npukiafis 3actocyBadas. CS-SDM 3 mpakTHYHO TPUAATHOIO
EMHICTIO JI03BOJIAE 30epiraTd CTPYKypOBaHI JIaHHI, IO BIJKPHUBA€E TMEPCIECKTUBH ii
BUKOPUCTAHHA Y PI3HOMAHITHUX 3aJadax IITYYHOTO IHTENEKTYy Ta SIK CKJIaJI0BO1
HEUpPOMEPEKHUX MojJelie y MamuHHOMY HaBuaHHi. Takox CS-SDM  moxe
BUKOPUCTOBYBATUCh Y THUX Taly3sX JIIOJCHKOI MISUIBHOCTI, JI€ 3aCTOCOBYETHCS MITYYHUHN
IHTENEKT: POOOTOTEXHIII, CEMAaHTUYHOMY IOLIYKY, F€Hepalii KOHTEHTY Yy COLIAJbHUX
Mepekax, MeIMYHOT IIarHOCTUKH TOIIo. B xomi gocnipkeHHs Oynia po3pobiieHa nmporpaMmHa
010710TEKa 3 BIAKPUTUMH KojaamH, 1o peanizye CS-SDM Ha rpadiunux mpouecopax (Ha
miatgopmi NVIDIA CUDA) i Takox MICTUTh peani3alli aJanToBaHUX 0 30epexeHHs
po3piKeHnx BeKTOopiB KoHCTpYKIi SDM Kaunepsu 1 J[>xekena. biGiioreka BipoBapkeHa
y ckiaai bazoBoro mporpamHoro 3abe3neuenHs cynepkomil'rorepaoro kommiekcy CKIT y
[leHTpi KOJIEKTMBHOTO KOPUCTYBaHHsS OOJaJHAHHSAM CYMEPKOMITIOTEPHOTO KOMIUIEKCY
"CKIT" (LUKKO CKK "CKIT") B IncturyTi kibepuetuxu iMm.B.M.I'mymkoBa HAH Ykpainu.
Kon 010110TekH € BIAKPUTUM Ta JOCTYITHUM JIJIs1 IHIIIMX TOCT1THUKIB Ha riatdopmi GitHub.

3MmicT aucepramii. Y BeTymi OOIpyHTOBAHO aKTyallbHICTh TEMH, C(HOPMYIHOBAHO
METy Ta 3aj7adi JOCTiIHKeHb, PO3KPUTO HAYKOBY HOBU3HY Ta MPAKTUYHY IIHHICTh POOOTH,
IIPECTABJICHO 11 3arajbHy XapaKTEPUCTUKY.

VY po3nini 1 po3rissHyTO OCHOBHI €Tamy PO3BUTKY MOJICITIOBAHHS Tam’siTi, 30KpeMa
PO3PIKEHO-PO3MOAUICHUX ~ KOHCTPYKIIM, a TakoX 1IXHE 3acTocyBaHHs. JlaHo
XapaKTEPUCTUKY PO3BUTKY METOIB IIM(GPOBOi 0OOPOOKH AaHUX, sIKI OyJIM BUKOPUCTaHI Y
nocnimkeHHl. [IpoananizoBaHo poOOTH BITYM3HAHUX Ta 3aKOPJOHHUX BueHUX: [yrkoBa
B. M., IBaxuenka O.I'., Kyccyns E.M., PaukoBcbkoro [.A., TynpunHcekoro B.I'., Albus
J.S., Billings G., Brindley G.S., Brogliato M.S., Candes E., Clark W.A., Donoho D., Fodor



J.A., Forrest S., Frady E.P., Furber S.B., Gayler R.W., Hebb D.O., Hinton G.E., Holland
J.H., Hopfield J., Ito M., Jaeckel L., Kanerva P., Karlsson R., Kohonnen T., Kristoferson J.,
Laitho M., Linnainmaa S., Lustig M., Marr D., McCulloch W., Minsky M., Mnih A., Nyquist
H., Papert S., Perelson A.S., Pylyshyn Z.W., Rogers D., Romberg. J., Rosenblatt F.,
Rumelhart D.E., Salakhutdinov R., Schelegel K., Shannon C.E., Sjodin G., Smith D.J.,
Smolensky P., Tao T., Turing A., Von Neumann J., Werbos P.J., Williams R.J., Yoshida M.
VY poboTax BUIlllEHABEAECHUX aBTOPIB BUKJIAJIEHO 3arajibHOBIIOMI ITIAXOU /10 MOJICTTFOBAHHS
nam’sITi Ta KJIACUYH1 KOHCTPYKIIi1, ACTIEKTH 1X SIKICHUX XapaKTEPUCTUK 1 OOMEKEHb.

BuknaneHo TEOpeTUYHI OCHOBUM BEKTOPHO-CHUMBOJIBHUX OOYHCIIEHb 1 PO3PIIKEHO-
PO3MOAUICHUX MPEACTaBICHb, a TAKOXX METOJYy CTHCKalouux BHUMIiproBaHb. Ha OCHOBI
IPOBEJCHOTO OTJIsAY 3p00JIE€HO BUCHOBKH Ta IMOCTABJICHO 3a4a4l AJIsl JOCTIIKEHHS.

VY po3agiji 2 3anporoHOBAaHO KOHCTPYKULIIO TIOPHIHOI PO3PIIKEHO-PO3NOALICHOI
nam’a1i CS-SDM. CS-SDM sBnisge co0or0 IHTErpamio KIACHYHHX IMAXOAIB  JI0
MOJICJIIOBaHHsI mam’sTi cimeiictBa SDM Ta cydacHHX JOCSATHEHb TEOpPil CTUCKYHOUHMX
BuMiptoBanb (Comressive Sensing). JloBeneno BiamosinHicTh cxemu CS-SDM Bumoram
Comressive Sensing. HaBegeno anroputmu 6a3zoBux omepatii CS-SDM (inimiamizaris,
MOIIYK aKTUBOBAHMX KOMIPOK, 3alUC, 34YUTyBaHHs, (iHamzamnis). OTpuMaHO OLIHKU iX
OOYHMCITIOBANILHOT CKJIAQAHOCTI JIJIi BUIAJKIB TOCHIIOBHOI Ta TapaliebHOI peaizarlii.
[IpencraBieHo TOBHY cXeMy OOpOOKM CEMaHTUYHUX Ta CTPYKTYPOBaHUX JaHUX 13
3actocyBaHHsAM CS-SDM vy sikocTi ounnryrodoi nam’sTi. [1o0ynoBaHO 3araibHy cxemy
QITOPUTMY TIOCTAHOBKM EKCIIEPUMEHTIB, BUKOPUCTAHO KEIIyBaHHS I MPUCKOPEHHS
BIJIHOBJICHHSI O1HAPHUX PO3PIIKEHUX BEKTOPIB.

VY po3aini 3 oTprMaHOo IMOBIPHICHI OI[IHKM aKTUBAIll1 (DI3UYHUX KOMIPOK Ta CEPEeIHbOI
KUIBKOCT1 akTHBOBaHUX Komipok CS-SDM. HaBeneHo pe3ynbTaté €KCIEPUMEHTIB IS
BEKTOpIB 13 PI3HOI0 KUIBKICTIO O3HAaK S Ta PI3HUM CTYNEHEM CTHCKaHHS JaHMX.

ExcriepuMenTr 1eMOHCTPYIOTh, 10 €MHICTh CS-SDM sk ouuniryBanbHOI mam’siTi s



OlHApHUX PO3PIHKEHO-PO3MOAUICHUX MPEACTaBICHb CYTTEBO MEPEBUINYE €MHICTH OLTBII
panHix koHCcTpykKiiin SDM (Kanerva, Jaeckel). IlpoBemeno excrepuMeHTH 13 pi3HUMHU
MeToaaMu BiJHOBJIeHHs1 OiHapHuX BekTopiB (CoSaMP, LinProg). Ilokazano, mo BuOip
METOJIy BiJIHOBJICHHS OIHAPHOTO BEKTOpa CYTTEBO BIUIMBAE HA SKICTh BIIHOBJICHHS MPH
rpaHUYHOMY CTHCKaHHI. Jlocmimkeno 3acrocyBanHga CS-SDM it 611bIn CKIaAHUX 3a7a4
HErOMOTE€HHOT PO3P1IPKEHOCTI.

VY po3aini 4 nocnimxeHo BUKOpUCTaHHS oOumcitoBasibHOI miatrgopmu CUDA st
peamizamii Ta npoBeAeHHS ekcrepuMeHTiB 13 CS-SDM: po3risiHyTo mporpamMHy MOJENb,
1Epapxil0 MOTOKIB, TUNM mam’4ti, MoBy mnporpamyBanHa CUDA C/C++. Haseneno
nporpaMHy peanizaiio onepaiid CS-SDM, 3anponoHOBaHUX B SKOCTI aJrOPUTMIB Yy
po3aini 2. [lokazano peanizaliiio BIIHOBJICEHHS OlIHAPHHUX PO3PIIKEHUX BEKTOPIB MOBOIO
nporpamyBaHHsi Python nBoma metomamu (CoSaMP 1 LinProg) 13 BUKOpUCTaHHSIM
kemryBanHa. OmnucaHo mnporpamHy O6i10mioreky miasi podotu 13 CS-SDM Tta nBoma
kiacnyHuMu KoHeTpykiisimu SDM (Kanerva, Jaeckel), saxy Oyno po3poOieHo B xoni
JTYcepTaliitHoi poOoTH; KO 010J110TEKHU € BIAKPUTUM JJIsI IHITUMX JOCIITHUKIB.

Kiarw4oBi ciioBa: po3pikeHO-pO3IOiIIeH] TTOaHHA, HEMPOHHI MEpeXki, CTUCKArUi

BUMIPIOBaHHS, BEKTOPHO-CUMBOJIbHI apXITEKTYPH.



ABSTRACT

Vdovychenko R.O. Sparse Distributed Representation of Structured Data in Neural
Networks. — Qualifying scientific work as a manuscript.

Dissertation for a Doctor of Philosophy Degree by specialty 113 Applied mathematics.
— V.M. Glushkov Institute of Cybernetics of the National Academy of Science of Ukraine.
— Kyiv, 2020.

The dissertation is focused on studying phenomenological models of human and
animal memory by presenting data with a specific structure (hierarchical, semantic, etc.) in
neural networks. The main task of the dissertation is constructing and analysing a hybrid
semantic store that would be able to store complete data (for example, structures of
interconnected and consecutive key-value pairs) in a neural network. Memory designs to
solve this problem were proposed in the 1990s but are not practical due to insufficient
scalability and low storage density. The proposed CS-SDM model fills the existing gap
between two phenomenological approaches to biological memory modelling by using the
third theory — Compressive Sensing. All the statements above determine the relevance of
the dissertation work.

The scientific novelty of the work consists of developing and researching the
characteristics of a new hybrid model of sparse-distributed memory CS-SDM. For the first
time, this model combined two directions of phenomenological modelling of memory,
providing conditions for the effective use of sparse-distributed memory of the SDM type.
Also, applying the theory of Compressive Sensing (CS) was proposed for the first time to
model natural memory. The effectiveness of CS-SDM has been proven both formally and
experimentally. CS-SDM is the first artificial neural network that entirely and practically
suitable capacity allows you to store structured data, which is suitable for preserving

semantics.



The CS-SDM model has numerous applications. CS-SDM, with a practically usable
capacity, allows you to store structured data, which opens prospects for its use in various
tasks of artificial intelligence and as a component of neural network models in machine
learning. Also, CS-SDM can be used in those fields of human activity where artificial
intelligence i1s used: robotics, semantic search, content generation in social networks,
medical diagnostics, etc. In the course of the research, an open-source software library was
developed that implements CS-SDM on graphics processors (on the NVIDIA CUDA
platform) and also contains implementations of the Kanerva and Jackel SDM designs
adapted to the preservation of sparse vectors. The library is implemented as part of the
essential software of the SCIT supercomputer complex in the Center for collective use of
the equipment of the SCIT supercomputer complex (CCKO SKK "SCIT") at the V.M.
Glushkov Institute of Cybernetics of the National Academy of Sciences of Ukraine. The
library code is open and available to other researchers on the GitHub platform.

The content of the dissertation. The introduction substantiates the topic's relevance,
formulates the research's purpose and tasks, reveals the work's scientific novelty and
practical value, and presents its general characteristics.

Chapter 1 discusses the main stages of the development of memory modelling,
particularly sparse-distributed structures, and their application. A description of the
development of digital data processing methods used in the study is given. The works of
domestic and foreign scientists were analyzed: V.M. Hlushkova, O.G. Ivakhnenko, E.M.
Kussul, D.A. Rachkovsky, V.G. Tulchinsky, Albus J.S., G. Billings, G.S. Brindley, M.S.
Brogliato, Candes E., Clark W.A., Donoho D., Fodor J.A., Forrest S., Frady E.P., Furber
S.B., Gayler R.W., Hebb D.O., Hinton G.E., Holland J.H., Hopfield J., Ito M., Jaeckel L.,
Kanerva P., Karlsson R., Kohonnen T., Kristoferson J., Laiho M., Linnainmaa S., Lustig
M., Marr D., McCulloch W., Minsky M., Mnih A., Nyquist H., Papert S., Perelson AS,
Pylyshyn ZW, Rogers D, Romberg. J., Rosenblatt F., Rumelhart D.E., Salakhutdinov R.,



Schlegel K., Shannon C.E., Sjodin G., Smith D.J., Smolensky P., Tao T., Turing A., Von
Neumann J., Werbos P.J., Williams R.J., Yoshida M. Well-known approaches to memory
modelling and classical designs, aspects of their qualitative characteristics and limitations
are described in the works of the authors mentioned above.

The theoretical foundations of vector-symbol calculations, sparse-distributed
representations, and the compressive measurements method are outlined. Based on the
conducted review, conclusions were drawn, and research tasks were set.

In Chapter 2, the design of the CS-SDM hybrid sparse-distributed memory is
proposed. CS-SDM integrates classic approaches to memory modelling of the SDM family
and modern achievements of the Compressive Sensing theory. Compliance of the CS-SDM
scheme with the requirements of Compressive Sensing is proven. Algorithms of basic CS-
SDM operations (initialization, search for activated cells, writing, reading, finalization) are
given. Estimates of their computational complexity were obtained for serial and parallel
implementation cases. A complete scheme for processing semantic and structured data using
CS-SDM as a cleaning memory is presented. The general scheme of the experiment setup
algorithm was built, and caching was used to speed up the recovery of binary sparse vectors.

In Chapter 3 probabilistic estimates of the activation of physical cells and the average
number of activated CS-SDM cells are obtained. The results of experiments for vectors with
a different number of S features and a different degree of data compression are given.
Experiments demonstrate that the capacity of CS-SDM as a clearing memory for binary
sparse-distributed representations significantly exceeds the capacity of earlier SDM designs
(Kanerva, Jaeckel). Experiments with various recovery methods of binary vectors
(CoSaMP, LinProg) were conducted. It is shown that the binary vector restoration method's
choice significantly affects the restoration quality at the limit compression. The application

of CS-SDM for more complex problems of inhomogeneous sparsity is studied.



In Chapter 4 the use of the CUDA computing platform to implement and conduct
experiments with CS-SDM is explored: the program model, thread hierarchy, memory
types, and the CUDA C/C++ programming language are considered. The software
implementation of CS-SDM operations, proposed as algorithms in Chapter 2, is presented.
The implementation of recovery of binary sparse vectors in the Python programming
language by two methods (CoSaMP and LinProg) with caching is shown. The software
library for working with CS-SDM and two classic SDM designs (Kanerva, Jaeckel) is
described, which was developed during the dissertation work; the library code is open to
other researchers.

Keywords: Sparse Distributed Representations, Neural Networks, Compressive

Sensing, Vector Symbolic Architectures.



