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Streszczenie w jezyku polskim

Wykorzystanie rozkladu zapamietanego doswiadczenia w
uczeniu ze wzmocnieniem

W niniejszej rozprawie przedstawiamy cykl pigciu publikacji dotyczacych rozwoju
algorytmow uczenia ze wzmocnieniem off-policy poprzez wykorzystanie zaleznosci migdzy
probkami wynikajacych z dziatania tych algorytméw.

W pierwszej czgsci pracy skupiamy si¢ na zalezno$ciach czasowych wynikajacych z metod
eksploracji, ktore nie sa niezalezne czasowo. Najpierw zwracamy uwagg, ze typowym podejsciem
do wymuszania podobienstwa kolejnych akcji jest uzycie autokorelowanego szumu. Przedstawiamy
proces, ktory produkuje taki szum, zachowujac rownocze$nie stala korelacje migdzy kolejnymi jego
warto$ciami oraz rozktad graniczny szumu w kazdym kroku czasowym. Nastgpnie przedstawiamy
algorytm, ktory wykorzystuje wtasciwosci skorelowanego w czasie szumu akcji, aby doktadnie;j
wyznacza¢ gestosci prawdopodobienstwa sekwencji akcji. Przedstawiamy wyniki eksperymentow,
ktore pokazuja, Ze nasze rozwigzanie otrzymuje znaczaco wyzsze nagrody niz zaréwno bazowe, jak
1 powszechnie uzywane algorytmy uczenia ze wzmocnieniem. Ponadto przedstawiamy podejscie do
wykonywania akcji ze zmiennym, losowym czasem trwania. Pokazujemy, ze w ramach tego
podejscia mozliwym jest obliczenie ilorazu gestosci prawdopodobienstw sekwencji akcji i
wprowadzamy algorytm, ktory wykorzystuje stopniowo zmniejszajace si¢ oczekiwane czasy
trwania akcji, aby poprawi¢ wydajnos¢ treningu w symulowanych srodowiskach robotycznych.

W drugiej czgs$ci tej pracy poruszamy problem wyznaczania precyzji osiagania posredniego
celu w hierarchicznym uczeniu ze wzmocnieniem. Pokazujemy, ze w dotychczasowych
publikacjach wartosci parametrow zadajacych precyzj¢ osiagania celdw posrednich nie zawsze sa
optymalne. Prezentujemy algorytm, ktéry na podstawie rozktadu odlegltosci migdzy poprzednimi
osiagnig¢tymi stanami, a zadanymi celami posrednimi automatycznie wyznacza precyzje, z ktora
cele posrednie maja by¢ osiagane. Pokazujemy, ze dla wigkszo$ci badanych algorytméw i
srodowisk nasza metoda pozwala osiagnac lepsze wyniki niz uzywanie statej zadanej precyzji
osiagania celu.

Cala nasza praca wprowadza trzy algorytmy uczenia ze wzmocnieniem, ktére wykorzystuja
zaleznosci wystgpujace w zebranych probkach.
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I. TEMATYKA, TEZA NAUKOWA | CEL ROZPRAWY

Rozprawa doktorska dotyczy tematyki zwigzanej z zastosowaniem algorytméw uczenia ze
wzmocnieniem RL (ang. Reinforcement Learning) off-policy z wykorzystaniem zaleznoéci miedzy
prébkami wynikajacych z dziatania tych algorytmoéw. Algorytmy uczenia ze wzmocnieniem typu online
zakfadajg, ze dane s3 zbierane ze srodowiska w miare szkolenia agenta, co pozwala na ciggta ocene
nowych zasad, natomiast podejécie off-policy skutkuje gromadzeniem doswiadczenia w buforze i
ponownym jego wykorzystaniem podczas poZniejszego szkolenia. Jest to tematyka dynamicznie
rozwijajgca sie w ciggu ostatnich lat, gtownie ze wzgledu na rozwoj zasobow sprzetowych oraz wzrost
popularnosci algorytméw sztucznej inteligencji. Autor rozprawy stusznie dostrzega te trendy
rozwojowe, zwracajgc jednak uwage na ich ograniczenia oraz potencjalne niedoskonatosci. Analizie
zostat poddany aktualny stan wiedzy zwigzane] z zastosowaniem algorytméw uczenia ze
wzmocnieniem off-policy, natomiast praca prezentuje trzy algorytmy RL, ktére wykorzystujg zaleznosci
wystepujace w zebranych prébkach.
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Praca doktorska mgr. inz. Jakuba tyskawy zawiera tresci bezposrednio zwigzane z dyscypling naukowg
informatyka techniczna i telekomunikacja.
Autor sformufowat w sposéb jawny na str. 11 trzy tezy rozprawy doktorskiej zacytowane ponizej:

Teza1: ,lIncluding the properties of the autocorrelated action noise in the training process
improves the sample efficiency in physical control environments.”

Teza 2: ,Decreasing the expected duration of actions increases the sample efficiency in physical
control environments while including the expected action duration in the collected data
allows a value-based algorithm to efficiently reuse old experience samples.”

Teza3: ,The precision of achieving a subgoal in goal-conditioned HRL may be automatically
calculated using a distribution of past distances to subgoals.”

Pierwsza z tez odnosi sie do poprawy wydajnosci préby w $rodowisku fizycznym poprzez wtaczenie
wtasciwosci autokorelowanego szumu akcji do procesu uczenia. W celu jej weryfikacji autor
zaproponowat nowy algorytm ACERAC (ang. Actor-Critic with Experience Replay and Autocorrelated
Actions), ulepszajacy algorytm ACER (ang. Actor-Critic with Experience Replay) poprzez wprowadzenie
autokorelowanego szumu akeji i wigczenie wiasciwoéci szumu do algorytmu. Weryfikacja empiryczna
w symulowanych srodowiskach dowiodta stusznoéci tezy nr 1. Weryfikacja tezy nr 2 odbyta sie poprzez
opracowanie kolejnego algorytmu SusACER (ang. Actor-Critic with Experience Replay and Sustained
Actions) umoiliwiajacego wykorzystanie doswiadczenia zebranego ze zmienng dyskretyzacjg czasowa.
Aby zastosowac RL do probleméw z natury ciagtych, takich jak sterowanie robotem, nalezy zdefiniowa¢
okreslong dyskretyzacje czasu. Zaproponowany przez autora rozprawy algorytm taczy zalety réznych
ustawieri dyskretyzacji czasu. Poczatkowo dziata z rozproszong dyskretyzacja czasu, aby
zmaksymalizowaé szybkoé¢ uczenia si¢ na wczesnych etapach i stopniowo przetacza sie na doktadna.
Teza nr 3 zostata zweryfikowana dokonujgc analizujac skutkéw zmieniajgcej sie dyskretyzacji czasu w
srodowiskach sterowania robotami.

Rozprawa obejmuje zakresem cykl pigciu publikaciji, ktérych wyniki potwierdzaja powyzisze tezy.
Nadrzedny cele badan przedstawionych w rozprawie zostat osiggniety — wykazano bowiem, ze
uwzglednienie wtasnosci statystycznych wprowadzonych do doéwiadczenia zbieranego przez

algorytmy RL bez modelu w projektowaniu tych algorytméw moze poprawi¢ ich wydajnosc.

II. ZAWARTOSC MERYTORYCZNA ROZPRAWY

Rozprawa doktorska pt. »Leveraging the distribution of collected samples in reinforcement learning”
zostata napisana w jezyku angielskim. Zawiera ona bogatg bibliografie liczacg 60 pozycji a 6 rozdziatéw
stanowigcych jej zasadniczg czes¢ zostato wzbogaconych o 2 zatgczniki stanowigce wykaz skrétéw oraz
petng tres¢ pigciu wspétautorskich publikacji.

Pierwszy rozdziat ma charakter wprowadzajgcy — przedstawiono w nim podstawowe pojecia z zakresu
tematyki zwigzanej z zastosowaniem algorytméw uczenia ze wzmocnieniem. W tym rozdziale
sformutowano takze tezy pracy oraz zdefiniowano nadrzedny jej cel. Wylistowano pig¢ publikacji (P1-
P5) stanowigcych cykl rozprawy. Rozdziat 2 réwniez ma charakter opisowy, gdyz przedstawiono w nim
zagadnienia dotyczace procesu decyzyjnego Markova MDP (ang. Markov Decision Process) oraz
omdwiono podstawowe grupy algorytméw uczenia ze wzmocnieniem (online, offline, model-free,

model-based). Kolejne podrozdziaty dotycza konsekwencji wprowadzania kolejnych zmian w uczeniu



RL (wprowadzenie szumu niezaleznego od czasu, algorytm ACER). Podrozdziat 2.2 opisuje podejscie
hierarchiczne, ktére rozwigzuje MDP poprzez roztozenie go na wiele mniejszych, prostszych
problemdéw. Podrozdziat 2.3 w sposéb zwarty traktuje o QRL (ang. Quantum Reinforcement Learning).
W rozdziale 3 rozprawy autor przedstawia wspétautorskie podejscia do réznych metod wymuszania
podobieristwa kolejnych dziatai. Metody te s3 szczegétowo przedstawione w kolejnych
podrozdziatach. Nastepuje w nich odniesienie do cyklu publikacji wskazujac najwieksze osiggniecia.

W P1iP2 autor wskazuje wyzwanie opracowania algorytmu RL, ktéry uwzglednia autokorelacje szumu
akcji w procesie uczenia, aby zwiekszy¢ wydajnosé prébki. W publikacji P2 zdefiniowano na nowo
proces autokorelacji. Zastosowano ograniczenie, ze rozktad szumu powinien by¢ normalny ze $rednig
0 i odchyleniem standardowym o (hiperparametr). Okreslono réwniez, ze wspotczynnik korelacji
migdzy szumem a jego poprzednig wartoscig a powinien by¢ staty. W publikacji P1 rozszerzono réwniez
srodowisko eksperymentalne, aby uwzgledni¢ dokfadniejsza dyskretyzacje. W tym celu dla kazdego z
czterech symulowanych $rodowisk robotycznych uwzgledniono réwniez wyizsze czestotliwosci
sterowania. Na podstawie obserwacji wynikow opublikowanych w pracy P1 (drobniejsza dyskretyzacja
pozwala uzyska¢ lepsze wyniki, grubsza dyskretyzacja utatwia nauke) zaprojektowano algorytm
SusACER, ktéry zaczyna sie od dtuiszych akcji i z czasem zmniejsza diugos¢ podtrzymania, aby
dopasowac j3 do dyskretyzacji bazowe] $rodowiska. Rozwigzanie zostato przedstawione w publikacji
P3. Rozdziat 4 opisuje dokonania w obszarze warunkowanych celem algorytméw HRL (ang. Hierarchical
Reinforcement Learning), w ktérych parametr SRD (ang. Subgoal Reachability Distance) jest zwykle
wybierany recznie lub uwzgledniany w wyszukiwaniu hiperparametréw, co bezposrednio zwieksza
liczbg hiperparametrow algorytmu. Wybranie zbyt matej wartosci SRD moze skutkowaé
nierealistycznymi celami, podczas gdy wybranie zbyt duzej wartodci moze skutkowaé niedoktadna
kontrolg. Oba te przypadki utrudniajg uczenie catego systemu. W pracy P4 zweryfikowano, iz wartoéé¢
SRD, ktora zaréwno umozliwia lepszg kontrole, jak i jest osiggalna przez biezacg polityke, moze by¢
automatycznie wnioskowana z przesztych wynikéw. Publikacja P5 ma charakter bardziej przegladowy.
Dokonano w niej przegladu wptywu technologii kwantowych informacji na badania w réznych
obszarach technologii informacyjnych i komunikacyjnych. Jednym z rozwazanych obszaréw jest RL,
gdzie wptyw technologii kwantowych doprowadzit do powstania Quantum Reinforcement Learning
(QRL). W rozdziale 5 znajduje sie podsumowanie, w ktérym autor zestawia komplementarnie
osiggniecia opisane wczesniej. Ostatnim rozdziatem jest rozdziat 6 zawierajacy dodatkowe osiggniecia
i aktywnosci autora.

ITI. OGOLNA OCENA ROZPRAWY | UWAGI DYSKUSYINE

Rozprawa doktorska zostata zredagowana doé¢ starannie, doceni¢ nalezy takze fakt napisania jej w
jezyku angielskim. Pozycje bibliograficzne s dobrane adekwatnie do tematyki pracy, jednakze nie
wszystkie zostaly opisane w sposéb jednolity i kompletny. Doktorant umiejetnie przedstawit wtasne
osiggniecia zestawiajgc je ze Znajomoscig tematyki algorytmow uczenia ze wzmocnieniem. W dobie
dynamicznego rozwoju algorytmow szerokorozumianej sztucznej inteligencji pojawia sie pewien
niedosyt w zakresie ukazania skali badan w tej dziedzinie. Autor rozprawy stosunkowo skromnie
definiuje tresci kolejnych rozdziatéw (caty rozdziat 4 obejmuje jedng strone tekstu, rozdziat 5 stanowi
pot strony tekstu).



Fundament rozprawy obejmuje pie¢ opublikowanych prac naukowych (2 czasopisma oraz 3 prace
konferencyjne) bedacych w spéjnym cyklu monotematycznym:

¢ [P1]Jakub tyskawa, Pawet Wawrzyriski. ,,ACERAC: Efficient Reinforcement Learning in Fine Time
Discretization”, |IEEE Transactions on Neural Networks and Learning Systems vol. 35(2) (2024).

¢ [P2] Marcin Szulc, Jakub tyskawa, Pawet Wawrzyriski. , A Framework for Reinforcement Learning
with Autocorrelated Actions”, 27th International Conference on Neural Information Processing
(2020).

¢ [P3] Jakub tyskawa, Pawet Wawrzynski. ,Actor-Critic with Variable Time Discretization via
Sustained Actions”, 30th International Conference on Neural Information Processing (2023).

e [P4] Michat Bortkiewicz, Jakub tyskawa, Pawet Wawrzynski, Mateusz Ostaszewski, Artur
Grudkowski, Barttomiej Sobieski, Tomasz Trzcinski »Subgoal Reachability in Goal Conditioned
Hierarchical Reinforcement Learning”, 16th International Conference on Agents and Artificial
Intelligence (2024).

¢ [P5] Bogdan Bednarski, tukasz Lepak, Jakub tyskawa, Pawet Piericzuk, Maciej Rosot, Ryszard
Romaniuk. ,Influence of IQT on research in ICT”, International Journal of Electronics and

Telecommunications, vol. 68, no. 2 (2022).

Praca P1 opublikowana zostata w najbardziej prestizowym Czasopismie sposrod wszystkich publikacji
autora. Nalezy zauwazy¢, ze zaréwno uktad jak i tres¢ pracy osadzonej w rozprawie nie pokrywa sie z
ukfadem i trescia  ostatecznej formy  pracy, opublikowanej na stronie wydawcy
(https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=9834310). Roznice nie s3 znaczace,
jednakze autor powinien zadbac o Zaprezentowanie w rozprawie ostatecznej wersji publikacji. Gtéwne
osiggniecie autora (szacowane na 60%) stanowi wprowadzenie stochastycznej zaleznogci miedzy
kolejnymi dziataniami, umozliwiajgcej doktadniejsza dyskretyzacje czasu w systemach fizycznych.
Zaproponowany algorytm umozliwia lepsza eksploracje i co jest z tym zwigzane szybsze uczenie sie.
Wyniki zaprezentowano dia czterech znanych w robotyce modeli (Ant, HalfCheetah, Hopper oraz
Walker2D) z wykorzystaniem platformy symulacyjnej PyBullet. Osiagniecie to nalezy oceni¢ wysoko,
tym niemniej nie zostato ono zweryfikowane w warunkach rzeczywistych, o czym Wspominajg autorzy
w podsumowaniu pracy Wyznaczajgc sobie to jako oczywisty krok kolejnych badan. Niestety, pdzniejsze
prace nie zweryfikowaty przedstawionych algorytméw z wykorzystaniem rzeczywistych robotéw. W
pracy P2, w ktérej rozwazane sg polityki, ktore generujg dziatania oparte na stanach i losowych
elementach autokorelowanych w kolejnych momentach czasowych rowniez odwotano sig do korzysci
stosowania tych rozwigzari w dziedzinie robotyki. Wnioskowano, iz fizyczna implementacja takich
polityk w robotyce, jest mniej problematyczna, poniewaz unika potrzgsania robotami. Aby w petni
obroni¢ taky teze nalezatoby oprécz symulacji przeprowadzi¢ eksperymenty z wykorzystaniem
platformy sprzetowej robota. Podobnie jak w P1, tak i w tej pracy autorzy wskazujg kierunek przysztych
prac jako eksperymentalne potwierdzenie skutecznoéci opracowanych algorytmoéw. Ponizej
Zamieszczono ostatnie zdania z sekcji wnioskdw z obu publikacji P1 oraz P2.



e [P1] ,Also, the framework proposed here has been specially designed for applications in
robotics. An obvious next step in our research would be to apply it in this area, which is more
demanding than simulations.”

e [P2] ,The framework proposed here is specially designed for applications in robotics. An
obvious step of our further research is to apply it in this field, obviously much more demanding

than simulations.”

Wobec powyiszego stwierdzi¢ mozna, iz autorzy prac doskonale Znaja wage i znaczenie potencjalnej
eksperymentalnej weryfikacji wynikow ich symulacji z wykorzystaniem platformy sprzetowej. W pracy
P3 zaproponowano algorytm SusACER, ktéry taczy zalety réinych ustawieri dyskretyzacji czasu.
Poczgtkowo dziata z rozproszong dyskretyzacjg czasu i stopniowo przetacza sie na doktadng. Na
uznanie zastuguje dominujgcy udziat doktoranta (75%). W pracy zaprezentowano wyniki symulacji
uzywajac trzech réznych poczgtkowych wartosci oczekiwanych dtugosci akcji Eo. Zastanawiajgce jest w
jaki sposéb dokonano wyboru tych konkretnych wartoéci (2,4 oraz 8)?

W pracy P4 zbadano wplyw dtugosci okna na wydajnosé¢ ASRD (ang. Adaptive Subgoal Required
Distance) dla algorytmu HiTS (ang. Hierarchical reinforcement learning with Timed Subgoals) oraz HAC
(ang. Hierarchical Actor-Critic). Podobnie w tej publikacji pojawiaja sie arbitralne wartogci dtugosci
okna (50, 500 oraz 1000). W jaki sposéb dokonano procesu wyboru badanych wartosci? Pytanie to
jest szczegdlnie zasadne wobec wynikéw zgromadzonych w tabeli nr 2, ktére ukazujg, iz wybor
wielkosci okna ma kluczowe znaczenie dla wydajnosci analizowanych algorytméw.

QRL to struktura RL, w ktérej przynajmniej jeden z jej komponentéw, polityka i/lub $rodowisko, jest
realizowany przy uzyciu systemu kwantowego. Temat ten zostat podjety przez doktoranta w pracy P5
prezentowanej w czasopismie International Journal of Electronics and Telecommunications (70 pkt).
Praca ma szesciu wspétautoréw a udziat doktoranta stanowi 1/6 (16.7%). Doktorant zdefiniowat jako
wkfad wiasny autorstwo sekcji poswieconej kwantowemu uczeniu sie przez wzmacnianie (Rozdziat Vv
»~Quantum reinforcement learning”). Po wnikliwej analizie tegoz rozdziatu stwierdzi¢ mozna, iz
doskonata wigkszo$é treéci odnosi sig¢ do ponizszej publikacji:

Daoyi Dong and Chunlin Chen and Hanxiong Li and Tzyh-Jong Tarn, , Quantum Reinforcement
Learning”, IEEE Transactions on Systems, Man, and Cybernetics, Part B (Cybernetics), vol.38,
ISSN=1083-4419, 2008

Doktorant cytuje wskazang pozycje, jednakie nawet od pracy przegladowej oczekuje sie wartosci
dodanej, ktérg niesé powinna publikacja naukowa. Po przeczytaniu catej pracy odnosi sie wrazenie
chaosu informacyjnego bez mysli przewodniej i wartogci twdrczej. Publikacje oceniam nisko i uwazam,
iz nie powinna ona widnie¢ w cyklu publikacyjnym a jedynie stanowi¢ dodatek w dorobku doktoranta.
Rozdziat Il A pracy PS zaczyna sie zdaniem: ,There are plenty of CMOS PDKs with accurate room
temperature models on the market.” Po czym przechodzi sie d rozdziatu Il B, w ktérym pierwsze zdanie
to: ,There are plenty of CMOS PDKs with accurate room temperature models on the market.” Rozdziat
VI ma nastepujaca nazwe: , Influence of IQT on biomedicine (MACIEJ)'S SECTION)". Po zweryfikowaniu
opublikowanej wersji pracy (https://bibliotekanauki.pl) stwierdzono, iz nazwa rozdziatu zostata
poprawiona. §wiadczy to o dotgczonej ponownie nieaktualnej wersji pracy w przedfozonej do recenzji
dysertacji.



Wszystkie publikacje doktoranta $3 wspotautorskie. Nie powinno to jednak stanowi¢ umocowania do
pisania rozprawy w liczbie mnogiej. Autor postugujac si¢ liczbg mnogg (,przedstawiamy”,
»pokazujemy”, ,nasza praca”, itd.) odnosi sie do dokonania cafego zespotu podczas gdy nalezato skupié
sie na wiasnych, podkreslajgc autorski wktad w kazdej wykazanej w cyklu publikacji. To ten zakres prac
podlega bezposredniej ocenie w postepowaniu w sprawie nadania stopnia doktora.

Ostatnia uwaga zwigzana jest z Rozdziatem 6, w ktérym doktorant wskazuje swoje pozostate
osiggniecia. Zaprezentowano w nim wystapienie konferencyjne, jednakie nie ma podanych nawet
autorow pracy, brakuje réwniez miejsca konferencji. Doktorant wskazuje projekty, ale nie okreéla w
nich swojej roli. Brak informacji, kiedy przyznano nagrode dydaktyczng. Nie ma informacji o miejscach
wydarzen z sekgji ,social activity”, itd. W mojej ocenie to nadmierna niedbatos¢ w prezentowaniu

swojego doswiadczenia.

IV. UWAGI SZCZEGOtOWE

Podczas lektury rozprawy zauwazono dosc nieliczne usterki mniejszej wagi, ktére nie wplywajg na
ogolny odbiér pracy i jej ocene pod wzgledem merytorycznym. Uwage zwraca pozostawienie
niewypefnionych stron. Nalezy domniemaé, ze celem byto pozostawienie odstepu pustej strony
pomigdzy rozdziatami, jednakze nie jest to konsekwentnie zastosowane powodujac niespéjnosé
redakcyjng. Na koricach wierszy czesto znajduje sig przedimek ,a”, ktéry maogtby by¢ przeniesiony do
kolejnych wierszy, cho¢ w jgzyku angielskim nie stanowi to btedu. W bibliografii mozna znales¢ wiele
pozycji niedoprecyzowanych. Kilka innych, drobnych wag:

¢ strona 21 -wzér (2.8) ma zastosowany nieprawidtowy indeks (n),

¢ strona 21 - niepotrzebne wciecie tekstu przed wzorem (2.9),

¢ strona 21 - pozycja cytowana powinna wystgpic przed wzorem (2.10),

¢ strona 24 - przeniesienie symbolu czasu do nowej linii,

¢ strona 25 - pojedyncze zdanie stanowigce akapit powinno zosta¢ wchtonigte do treéci

poprzedniej sekgji,

¢ strona 25 - podzielona nazwa wtasna algorytmu pomiedzy liniami tekstu ACERAC,

® strona 34 - brak kropki dla zdefiniowanego osiggniecia dydaktycznego,

¢ strona 34 - brak miejscowosci prezentowanych wydarzen,

¢ PracaPloraz P2 ukazuje te same rysunki modeli w platformie symulacyjnej.
Generalnie zaprezentowane w pracy ilustracje, jak i Wwzory matematyczne zostaty sformatowane
starannie, sg czytelne i prawidfowe. Biorac pod uwage fakt napisania pracy w jezyku angielskim, usterki
te sg nieliczne, co dobrze swiadczy o jakosci Przygotowania tekstu pod wzgledem edycyjnym. Nie
utrudniajg one lektury pracy i nie wptywajg na jej pozytywng ogdlng ocene.

V. WNIOSKI KONCOWE

Opiniowana rozprawa prezentuje ogding wiedze teoretyczng doktoranta, jak réwniez umiejetnosci
implementacyjne i programistyczne zwigzane z dyscypling naukowy informatyka techniczna i
telekomunikacja, jak tez czgsciowo automatyka, elektronika, elektrotechnika i technologie kosmiczne,
co wynika z dobrze pojetej interdyscyplinarnogci tematyki rozprawy. Autor dysertacji wykazat sie
umiejetnosciag rozwigzywania oryginalnego problemu naukowego przedstawionego w recenzowane;j



pracy, a uzyskane w niej wyniki byty prezentowane we wspdtautorskich publikacjach, m.in. w
czasopismie |EEE Transactions on Neural Networks and Learning Systems.

Stwierdzam, iz przedstawiona do recenzji rozprawa doktorska mgr. inz. Jakuba tyskawy pt. ,Leveraging
the distribution of collected samples in reinforcement learning”, ktérej promotorem jest dr hab. inz.
Pawet Wawrzyniski, spetnia w wystarczajacym stopniu wymagania stawiane rozprawom doktorskim
przez aktualnie obowigzujacg ustawe Prawo o szkolnictwie wyzszym i nauce (Dz.U.z2023 . poz.742)
wraz z odpowiednimi przepisami wprowadzajgcymi oraz przejsciowymi. Whioskuje o przyjecie i

dopuszczenie do dalszych etapéw postepowania doktorskiego, w tym do iej publicznej obrony.
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Promotor: dr hab. inz. Pawet Wawrzynski

1. Tematyka rozprawy

Tematyka recenzowanej rozprawy doktorskiej ulokowana jest w obszarze uczenia ze
wzmocnieniem (ang. reinforcement learning, RL), dodajmy glebokiego RL, ktére nie bez
kozery utozsamiane jest dzisiaj ze sztuczng inteligencia (ang. artificial intelligence, Al). O ile
jeszcze nieco ponad 10 lat temu RL traktowane bylo jako jedno z mozliwych podej$é uczenia
maszynowego, obok uczenia z nadzorem i bez nadzoru, to od roku 2013, od momentu
publikacji architektury Deep Q-Network (Mnih et al, 2013) i niezwykle skutecznego
potaczenia RL z uczeniem glebokim, obserwujemy kolejne modele i zastosowania uczenia ze
wzmocnieniem, ktére idg nieuchronnie, przynajmniej dla niektérych, w kierunku ogolnej czy
tez silnej sztucznej inteligencji. Dynamiczny rozwéj tego obszaru Al skutkuje coraz bardziej
wyrafinowanymi, ale tez i praktycznymi aplikacjami. Przestajg nam wystarczaé spektakularne
wyniki osiggane w coraz to trudniejszych grach, takich jak Go, DoTA 2, Starcraft 2,
wprzeganic RL w mechanizm uczenia wielkich modeli Juz nie tylko jqzykoWych, jak
ChatGPT, zaczynamy sig pyta¢ o wyjasnialno$¢ tych algorytméw (Milani et al., 2024), ich
bezpieczenstwo w rzeczywistych $rodowiskach (Gu et al., 2024), wreszcie mozliwosé
sterowania obiektami fizycznymi (Tang et al., 2024).

Dysertacja wpisuje si¢ w ten ostatni nurt badas j zgodnie z intencjami jej Autora, szuka
potwierdzenia trzech hipotez. Dwie pierwsze z nich wprost stawiajg tezg, ze istnieje
mozliwo$¢ poprawy miary nazwanej ,,sample efficiency” (do tej miary wrocimy jeszcze
pozniej) w srodowiskach sterowania obiektami fizycznymi (,,physical control environments”),
trzecia jezeli wprost do tego nie nawigzuje, to przeciez jest udowadniana przez publikacje, w
ktérej proponowany algorytm  weryfikowany Jest w symulowanych $rodowiskach
robotycznych.

Mozna zatem z calg pewnoscig stwierdzié, ze problematyka rozprawy jest aktualna,

wazna i w pelni uzasadniona.



2. Kompozycja, redakcja i zawarto§¢ rozprawy

Na recenzowang rozpraw¢ sklada si¢ zbior picciu opublikowanych artykutow naukowych,
opatrzonych wspolnym tytulem Leveraging the Distribution of Collected Samples in
Reinforcement Learning” (Wykorzystanie rozkladu zapamigtanego do$wiadczenia w uczeniu
ze wzmocnieniem). Tworzg one zatgcznik B do zwartego druku, na ktory sklada sig¢ szeS¢
rozdzialdw napisanych w jezyku angielskim, poprzedzonych streszczeniem, réwniez w jezyku
polskim, bibliografia oraz zalgcznik A, na ktory sklada sig lista uzytych akronimow.

Rozdzial 1 to wprowadzenie w tematykg rozprawy, opis osiggnie¢ naukowych doktoranta,
a wlaéciwie lista trzech postawionych hipotez wraz z syntetycznymi opisami osiagnigtych
rezultatow oraz lista opiséw bibliograficznych publikacji wchodzacych w sktad
recenzowanego cyklu i jednej publikacji spoza cyklu. Autor rozprawy stawia trzy hipotezy.
Brzmia one nastgpujaco, cytujg w brzmieniu oryginalnym:

- Hypothesis 1. Including the properties of the autocorrelated action noise in the training
proces improves the sample efficiency in physical control environments,

- Hypothesis 2. Decreasing the exptected duration of actions increases the sample
efficiency in physical control environments while including the expected action duration in
the collected data allows a value-based algorithm to efficiently reuse old experience samples.

- Hypothesis 3. The precision of achieving a subgoal in goal-conditioned HRL may be
automatically calculated using a distribution of past distances to subgoals.

Zestawmy je z lista publikacji Autora wchodzacych w skfad cyklu (zachowujg oryginalng
numeracj¢) wraz z deklarowanym procentowym wkladem.

[P1] Lyskawa, Jakub, and Pawet Wawrzynski. "ACERAC: efficient reinforcement
learning in fine time discretization.” IEEE Transactions on Neural Networks and Learning
Systems 35.2 (2024): 2719-2731, MNiSW=200 pkt, IF=10.4, Wktad=60%.

[P2] Szulc, Marcin, Jakub Lyskawa, and Pawetl Wawrzynski. "A framework for
reinforcement learning with autocorrelated actions." Neural Information Processing: 27th
International Conference, ICONIP 2020, Bangkok, Thailand, November 23-27, 2020,
Proceedings, Part II 27. Springer International Publishing, 2020, MNiSW=140 pkt,
Wktad=30%.

[P3] Lyskawa, Jakub, and Pawet Wawrzynski. "Actor-Critic with variable time
discretization via sustained actions." International Conference on Neural Information

Processing. Singapore: Springer Nature Singapore, 2023, MNiSW=70 pkt, Wktad=75%.



[P4] Bortkiewicz, Michat, Jakub Lyskawa, Pawel Wawrzynski, Mateusz Ostaszewski,
Artur Grudkowski. Barttomiej Sobieski, Tomasz Trzcinski "Subgoal Reachability in Goal
Conditioned Hierarchical Reinforcement Learning." 16th International Conference on Agents
and Artificial Intelligence. SCITEPRESS, 2024, MNiSW=70 pkt, Wkiad=20%.

[P5] Bednarski, Bogdan, Lukasz Lepak, Jakub Lyskawa, Pawel Pienczuk, Maciej Rosot,
Ryszard Romaniuk. "Influence of IQT on research in ICT." International Journal of
Electronics and Telecommunications 68.2 (2022), MNiSW=70 pkt, IF=0.7, Wktad=16,7%.

Publikacja [P1] datowana jest na rok 2024, ale artykut o tym samym tytule i zmienione;j
kolejnosci autoréow byt umieszczony w repozytorium arXiv w roku 2021, a wydawnictwo
IEEE wskazuje dat¢ publikacji na rok 2022. Wszystkie publikacje majg przypisane punkty
ministerialne, dwie z nich réwniez zawierajg przypisany wspotczynnik »impact factor”.
Cytowania tychze publikacji sa (poki co) sporadyczne.

Hipotez¢ 1. majg dowodzié publikacje [P1] oraz [P2], hipotezg 2. publikacja [P3],
natomiast hipotez¢ 3 publikacja [P4]. W tym zestawieniu nie ma publikacji [P5], co wigcej,
jest ona artykutem przegladowym, w ktorej doktorant jest autorem raptem Jjednostronicowego
rozdziatu V, a w samej rozprawie wspomina si¢ o niej ledwie w rozdziale 2 opisujacym tlo
literaturowe, nie ma o niej wzmianki tez w podsumowaniu rozprawy. Zatem umieszczenie jej
w cyklu nalezy uznaé za btad.

Kolejna uwaga dotyczy konsekwentnie stosowanej w rozprawie, w tym rowniez w
hipotezach, ale juz nie w samych publikacjach (1?), zbitki stownej ,,autocorrelated action
noise”. Publikacje [P1] i [P2] wprowadzajg nowy, skadingd bardzo interesujacy, algorytm
ACERAC, ktory jest akronimem jego petnej nazwy ,,Actor-Critic with Experience Replay and
Autocorrelated aCtions”. Stochastyczna zalezno$é pomigdzy kolejnymi akcjami wymuszana
jest przez rozszerzenie definicji strategii (zamiennie zwanej polityka) o proces autoregresyjny
&, wymuszajgcy w konsekwencji autokorelacje nastgpujacych po sobie akcji. Owszem, mozna
traktowac ten proces jako rodzaj szumu o rozkladzie Ornsteina-Uhlenbecka, ktory jest
réwniez wykorzystywany przez €zgS¢ algorytmu zwanego krytykiem, kiedy to optymalizuje
funkcj¢ wartosci-szumu w miejsce optymalizowane;j zwykle w tych algorytmach 4.
dziatajacych w strukturze aktor-krytyk) funkcji samej wartosci. Pojawia si¢ jednak pytanie, na
ktore mam nadzieje uzyskaé odpowiedz, jaki byt cel zmiany sformutowania istotnej wiasnosci
algorytmu ACERAC, Czyzby sformutowanic to mialo na celu podkreslenie roli szumu
towarzyszacego wyborowi akcji na etapie eksploracji oraz szumu autokorelacyjnego

zachowujgcego bliskie nastepstwo akcji?



Jezeli juz jesteSmy przy hipotezach, to pewne watpliwosci budzi optymalizowana metryka
,sample efficiency”, ktéra pojawia si¢ podczas formulowania hipotezy 1. 1 2. Nie ma jej w
pracy [P2], gdzie si¢ mowi tylko o efektywnosci uczenia, pojawia si¢ w pracy [P1], ktora jest
rozszerzeniem [P2] i to gtownie w zakresie zebranego i analizowanego materiatu
eksperymentalnego, ale juz nie innych metryk. Dla precyzji dodajmy, ze [P1] redefiniuje tez
nieco funkcje wartosci-szumu. Zatem w [P1] pojawia sig jej wiasciwa interpretacja, cytujg
_the learning should be efficient in terms of the amount of experience needed to optimize the
agent’s behawior”. Za tak mierzong efektywno$é odpowiedzialny jest bufor pamigtajacy
powtarzane do$wiadczenia, czyli w oryginalnym sformufowaniu experience replay (ER).
Moze si¢ myle, jezeli tak, to liczg, ze doktorant wyprowadzi mnie z bigdu, ale w obydwu
wspominanych pracach mierzy si¢ co najwyzej wielko$¢ sredniego zwrotu (ang. return) (cho¢
nota bene w legendach do wykresow mowa jest o $redniej sumie nagrod (ang. reward)). Nie
ma analizy ani wielkosci bufora ER, ani metody jego probkowania, na efektywno$¢ uczenia
(jakkolwiek mierzonej). Zreszta, dobroczynny wptyw bufora ER na szybkos¢ uczenia
algorytmu aktor-krytyk udowodnit juz promotor W Swojej nietrywialnej propozycji
opublikowanej w 2009 roku (Wawrzynski, 2009).

Przyjrzyjmy si¢ jeszcze kolejnym rozdzialom rozprawy. Rozdzial 2. w podrozdziale 1.
wprowadza skrotowo czytelnika w zagadnienie samego uczenia ze wzmocnieniem, ze
szczegodlnym uwzglednieniem schematu uczenia aktor-krytyk z buforem ER, ktory to model
jest oryginalng propozycj¢ promotora z roku 2009 i stanowi punkt wyjscia dla prac [P1, P2].
Podrozdzial 2. klasyfikuje metody hierarchicznego uczenia ze wzmocnieniem (ang.
hierarchical RL, HRL), po$wigcajac oddzielng sekcj¢ na metody HRL uwarunkowane celem
(ang. goal-conditioned). W obrgbie tych metod porusza si¢ praca [P3]. Ostatni podrozdziat
jest krotkim przegladem ostatnich osiagnigé literaturowych w obszarze kwantowego RL.

Rozdzial 3 dotyczy autorskich juz metod wymuszania podobienstwa (w tytule rozdziatu
Autor uzywa stowa ,,similarity”, cho¢ moze by¢ ono nieprecyzyjne) nastgpujacych po sobie
akcji. Pierwszy podrozdziat dedykowany jest metodzie autokorelacji akcji i wzmiankowanych
juz wezesniej kilkakrotnie publikacji [P1] oraz [P2]. Zgodnic z deklaracja samych autorow,
praca [P1] jest rozszerzeniem pracy [P2] i to przede wszystkim ilosciowym, bo obejmujacym
nowy material badawczy, a w zakresie modyfikacji samego algorytmu, zmianie ulegta funkcja
wartoéci szumu, uwzgledniajaca rowniez stan autoskorelowanego szumu. Model ACERAC,
czy to w wersji pierwszej czy drugiej, jest bardzo interesujacg propozycja dostosowania
metod uczenia ze wzmocnieniem do rzeczywistych probleméw spotykanych w sterowaniu

fizycznymi obiektami, jakimi s roboty. Po pierwsze, proba zastosowania jakiegokolwiek
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modelu RL do $wiata rzeczywistego napotyka nietatwa barier¢ koniecznosci dzialania w
cigglym czasie. A to wymusza odpowiednio gesta jego dyskretyzacj¢. Po drugie, obiekty
fizyczne majg swoje ograniczenia wynikajace z zastosowanej w nich mechaniki. Nie da si¢, a
przynajmniej nie powinno, wymuszaé na obiekcie diametralnie réznych akcji w
nastgpujgcych po sobie chwilach czasu. Propozycja strategii z autoskorelowanymi akcjami
(tak o niej pisze promotor w swojej ksigzce ,,Uczgce sie systemy decyzyjne” z roku 2021),
zawarta i rozwinigta w publikacjach [P2] i [P1], niewatpliwie jest udana proba implementacji
warunku ograniczania odleglo$ci pomigdzy uruchamianymi akcjami w kolejnych stanach
(cho¢ oczywiscie ciaglosé funkcji m pozwala poruszaé si¢ czasie pseudocigglym).
Wprowadzenie szumu autoregresyjnego o rozktadzie Ornsteina-Uhlenbecka do definicji
funkcji polityki w modelu ACER (czyli modelu RL pracujgcego w rezimic aktor-krytyk i
dodatkowo zapamietujgcego do$wiadczenia w buforze ER) oraz zastapienie funkcji
wartosci-akcji funkcjg wartosci szumu okazato si¢ oryginalng i co wigcej umocowang
formalnie propozycja. Przeprowadzone eksperymenty za pomocg silnika fizyki pyBullet dla
czterech réznych zadan wykazaty wyzszg efektywnos$¢ uczenia (choé nie wiem, czy ,,sample
efficiency”) w poréwnaniu do bazowej metody ACER oraz dwoch sztandarowych metod
aktor-krytyk, czyli Proximal Policy Optimization (PPO) i Soft Actor Critic (SAC), a w
przypadku publikacji [P1] jeszcze Continuous Deep Advantage Updating (CDAU). Co moze
by¢ interesujace, ta ostatnia metoda tez stosuje autokorelacje akcji. Praca [P1] rozszerza
jeszcze materiat badawczy o badanie wplywu réznych poziomoéw dyskretyzacji czasu na
dzialanie modeli. Dla zdecydowane] wigkszo$ci przebadanych konfiguracji, ACERAC
wykazat wyzsze tempo uczenia i wigkszg Srednig sume zwrotow.

Niewatpliwie, model zaprezentowany w publikacjach [P1, P2] warty jest uwagi. Naturalnie
rodzg si¢ pytania, czy zmiana sposobu pobierania prébek z bufora ER albo wprowadzenie, jak
ma to miejsce w nowszych architekturach aktor-krytyk, funkcji przewagi (ang. advantage) nie
poprawiloby jeszcze efektywnosci i/lub stabilnosci dziatania modelu?

Tutaj pojawia si¢ jednak jeszcze inne pytanie, dotyczace rzeczywistego wktadu doktoranta.
Co prawda, dla dwuautorskie; publikacji [P1] zadeklarowany jest wigkszosciowy jego udziat,
bo na poziomie 60%, ale w opisie tzw. wktadu autorskiego czytamy, ze doktorant byt
odpowiedzialny za implementacje i testy, a wraz z drugim autorem za opracowanie metody i
publikacje. Jezeli zestawimy ten wkiad z opisem towarzyszacym publikacji wczesniejszej,
czyli [P2], w ktorej mamy 3. wspbtautoréw, doktorant nie jest Juz autorem pierwszym, jego
wkiad procentowy jest na poziomie 30%, a opis méwi o odpowiedzialnoéciach glownie

technicznych (przeglad literatury, przygotowanie eksperymentow, przeglad kodu i testy), to
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nasuwaja si¢ watpliwosci, na ile najnowsza wersja modelu ACERAC jest jego dzielem
(biorac po uwage niewielkie roznice modelowe, wspomniane juz wczesniej).

Drugi podrozdzial rozdziatu 3. dotyczy propozycji nowej strategii ,,podtrzymujacych
akcji” (ang. sustaining actions). W tym przypadku nie ma juz zadnych watpliwosci co do
poziomu udzialu Autora rozprawy w opracowaniu tej propozycji. Strategia to zostal opisana
w dwuautorskiej publikacji [P3], w ktorej doktorant jest pierwszym autorem, jego procentowy
wkiad jest na poziomic 70%, a z opisu wynika, ze byt odpowiedzialny za przygotowanie
metody, implementacjg, testy i prezentacj¢ na konferencji. Zaproponowana strategia,
zaimplementowana w postaci modelu Sustained-actions Actor-Critic with Experience Replay
(SusACER) szuka balansu pomigdzy ggsta dyskretyzacja, ktora w wigkszosci przypadkow
prowadzi do lepszego uczenia, a rzadka dyskretyzacja, ktora utatwia nauk¢. Model osadzony
jest znowu ramach wspominanego juz wielokrotnie ACERa, ale — podobnie troche jak to
miato miejsce w modelu ACERAC — rozszerza definicje polityki © o prawdopodobienstwo
podtrzymania akcji w kolejnym kroku. W pracy mozna znalez¢ ciekawg dyskusjg, poparta
matematycznymi wyprowadzeniami, w jaki sposob w takim modelu zachowywac oczekiwany
poziom eksploracji. Model rozpoczyna uczenie od diuzszych akcji (tj. trwajacych przez
wicksza liczbg krokow), by nastgpnie redukowaé stopniowo czas podtrzymywania akcji do
kroku pojedynczego. Eksperymentalne wyniki obejmowaty porownanie wiasnej propozycji z
modelami ACER, SAC i PPO dla czterech zadan ze Srodowiska pyBullet oraz wptyw dwoch
parametrow opisujacych strategi¢ podtrzymywania akcji na dzialanie modelu. Wykazano
przydatno$¢ modelu.

Zaproponowany model stanowi oryginalng i inspirujgca propozycjg dynamiczne]
dyskretyzacji czasu. Warto by sprawdzié¢ dziatanie tej modyfikacji w nowszych niz ACER
architekturach.

Rozdziat 4. rozprawy wprowadza do publikacji [P4], ktora jest propozycja modyfikacji
algorytmu hierarchicznego RL sterowanego (pod)celami. W publikacji zostaly przebadane
dwa uznane modele z tego obszaru, czyli HAC oraz HitS, ktore wyposazono w stosunkowo
prosty algorytm adaptacyjnego dystansu do wymaganego podcelu (adaptive subgoal required
distance, ASRD). Autorzy publikacji pokazali, ze dla prawie wszystkich badanych srodowisk,
zmodyfikowane algorytmy o modut ASRD uzyskiwaly szybciej odpowiednia precyzjg
sterowania symulowanymi obiektami fizycznymi.

Lektura publikacji sktania do kilku uwag. Po pierwsze, dlaczego autorzy nie poréwnywali
sic rowniez do nie-hierarchicznych modeli (plaskich), zwtaszcza, ze rozwigzywali znane

problemy tzw. rzadkich nagrod (ang. sparse rewards)? Idac za tg mysla, warto by tez wykonac
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poréwnanie z metodami stosujacymi nowsze metody od ,hindsight experience replay”
(Andrychowicz etal., 2017). Pewne watpliwosci budzi sposéb dowodzenia hipotezy H1,
ktory w ogélnosci polegal na swiadomym odejsciu od ustawionych jako optymalne
parametrow metod. Zdaje sig, ze w ten sposob mozna dowie$¢ dowolne; tezy. Sam tekst
artykutu pozostawia tez wiele do zyczenia. Znajdujg sic w nim wecale niesporadyczne btedy w
referencjach literaturowych, réwniez blgdne odnosniki literaturowe i niepetne opisy
bibliograficzne.

Zachodzi tez pytanie, na ile ta publikacja jest powigzana tematycznie z tytutem cyklu
publikacji? Wreszcie, podobnie jak w przypadku publikacji [P1] i [P2], co jest rzeczywistym
wkiadem Autora rozprawy, jezeli procentowy wkiad zostal oceniony na 20% (publikacja ma
7 autoréw), a w opisie czytamy, ze doktorant przegladat kod, brat udziat w przygotowaniu
wnioskéw i samej publikacji.

Rozdziat 5 rozprawy zawiera polstronicowe wnioski, w kolejnym rozdziale mam
wymienione pozostale osiagniecia doktoranta, takie jak prezentacja konferencyjna,
zrealizowane projekty (badawcze, przemystowe?), wzmianka o nagrodzie dydaktycznej i
dziatalnos$ci popularno-naukowej. Catogé konczy nienumerowana bibliografia odwotujaca si¢
do aktualnego pismiennictwa, w ktérej znalez¢é mozna dwa niepetne opisy bibliograficzne.
Rozprawg zamykajg dwa dodatki.

Sama kompozycja i struktura rozprawy nie budzg wigkszych zastrzezen, tym bardziej, ze
rozprawa nie jest zawartym dzielem, ale gtownie zbiorem powigzanych publikacji

poprzedzonych niezbednym wstepem.

3. Oryginalne osiggniecia Autora
Do najwazniejszych i oryginalnych wynikow przedstawionych w recenzowancj rozprawie
nalezy zaliczy¢:
® Opracowanie i przebadanie algorytmu SusACER.

® Wspotudziat w opracowaniu i przebadaniu algorytméw ACERAC i ASRD.

4. Uwagi krytyczne i dyskusyjne

Wigkszos¢ uwag krytycznych oraz dyskusyjnych zostalo wplecionych w tekst recenzji
zawartosci rozprawy. Spodziewam si¢, ze Autor odniesie si¢ do nich podczas obrony. Wydaje
si¢, ze opublikowanie rozprawy w formie tematycznie powigzanych publikacji mogto nie by¢
najlepszym pomystem, aczkolwiek z pewnoscia wymagalo najmniejszego naktadu pracy.

Dwie publikacje z recenzowanych pigciu sg — przynajmniej wg opinii piszacego te stowa —
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poza glownym tematem cyklu, aczkolwiek trzeba przyznaé, ze praca [P4] broni postawione;
hipotezy nr 3 (ktorej zakres tematyczny chyba jednak wychodzi poza tytut dzieta). Pojawity
si¢ tez watpliwosci co do wkiadu merytorycznego doktoranta w niektore prezentowane
rozwigzania. Zatem by¢ moze najbezpieczniejszym rozwigzaniem byloby jednak
przedstawienie do oceny jednoautorskiej monografii.

Wszystkie wymienione wyzej krytyczne uwagi, spostrzezenia i pytania nie podwazaja

ostatecznie pozytywnej oceny pracy.

5. Whniosek koncowy

Recenzowany cykl opublikowanych 1 tematycznie powigzanych artykutow naukowych
stanowi oryginalne rozwiazanie postawionego problemu naukowego, istotnie rozszerzajac
wiedze o modelach uczenia ze wzmocnieniem dzialajacych w $rodowiskach robotycznych.
Doktorant wykazal si¢ wlasciwg wiedzg teoretyczng i praktyczng w dziedzinie nauk
technicznych, w dyscyplinie naukowej informatyka techniczna i telekomunikacja, dowiodt tez
opanowania umiej¢tnosci samodzielnego prowadzenia pracy naukowej.

Biorgc pod uwage powyzsze fakty, lacznie z zawartymi w recenzji uwagami stwierdzam,
7e rozprawa speinia wymagania Ustawy z dnia 20 lipca 2018 r. — Prawo o szkolnictwie
wyzszym 1 nauce (Dz. U. z 2024 r. poz. 1571) i wnioskuj¢ o dopuszczenie mgra inz.

Jakuba Eyskawy do dalszych etapow postepowania o nadanie stopnia doktora.
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Promotor: dr hab. inz. Pawel Wawrzynski

Uwagi wstepne
Recenzja zostal przygotowana na podstawie uchwaty nr 742/2024 Rady Dyscypliny Informatyka
Techniczna i Telekomunikacja Politechniki Warszawskiej, z dnia 17 wrzeénia 2024 roku.

L.aczna objetos¢ recenzowanej pracy wynosi 103 stron.

1. Charakterystyka zagadnienia naukowego i charakter rozprawy

Rozprawa porusza zaawansowane zagadnienie optymalizacji algorytméw uczenia sie ze
wzmocnieniem (Reinforcement Learning, RL), bedacego jednym z kluczowych nurtéw badan nad
sztuczng inteligencjg i systemami autonomicznymi. Praca koncentruje si¢ na algorytmach off-
policy, ktére wykorzystuja zgromadzone do§wiadczenia w celu przyspieszenia i stabilizacji procesu
uczenia, oraz na hierarchicznym uczeniu sie ze wzmocnieniem (Hierarchical Reinforcement
Learning, HRL), umozliwiajacym dekompozycje ztozonych zadan na latwiejsze do zarzadzania cele
posrednie. Autor postawil sobie za cel poprawe efektywnodci algorytméw RL poprzez
uwzglednienie zalezno$ci czasowych miedzy kolejnymi akcjami oraz adaptacyjne ustalanie
parametréw procesu uczenia.

W ramach rozprawy opracowano trzy autorskie algorytmy: Actor-Critic with Experience Replay
and Autocorrelated Actions (ACERAC), Actor-Critic with Experience Replay and Sustained
Actions (SusACER) oraz Adaptive Subgoal Required Distance (ASRD) w kontekscie HRL. Kazdy
z tych algorytméw stanowi rozwiniecie istniejgcych metod, jednocze$nie odpowiadajac na



kluczowe wyzwania zwigzane z praktycznymi zastosowaniami RL. Zastosowanie autokorelacji w
ACERAC, zmiennej dugoéci trwania akcji w SusACER oraz adaptacyjnej optymalizacji celu
posredniego w ASRD pozwala na zwigkszenie wydajnoéci algorytméw i ich przystosowanie do
érodowisk o zlozonej dynamice czasowej.

Rozprawa ma charakter teoretyczno-empiryczny, z wyraznym naciskiem na testowanie
zaproponowanych metod w $rodowiskach symulacyj nych. Autor }aczy doglebna analize teoretyczng
z eksperymentami przeprowadzonymi na szerokq skale, co znaczaco zwieksza wiarygodnos$¢ i
mozliwoéci zastosowania wynikéw. Praca podaje rowniez potencjalne zastosowania algorytmow
RL w robotyce oraz systemach autonomicznych, gdzie precyzja, stabilno$¢ i adaptacyjno$¢ majq
kluczowe znaczenie. Calo$¢ ukazuje doglebne przygotowanie merytoryczne autora oraz jego
wysokie kompetencje badawcze.

2. Umiejscowienie problemu rozpatrywanego w rozprawie w kontekscie
literatury Swiatowej

Problematyka badawcza poruszona w rozprawie wpisuje si¢ w intensywnie rozwijajacy sie¢ obszar
badan nad uczeniem ze wzmocnieniem, ze szczegélnym uwzglednieniem algorytméw off-policy
oraz hierarchicznego RL (HRL). Oba te zagadnienia maja kluczowe znaczenie dla nowoczesnych
zastosowan sztucznej inteligencji. Dynamiczny rozw6j badan nad RL, zapoczatkowany
wprowadzeniem pamieci do§wiadczen (replay buffer), umozliwia bardziej efektywne zarzadzanie
zebranymi danymi, stabilizacje procesu uczenia oraz poprawg wynikéow w aplikacjach
praktycznych. Fundamentalne prace, takie jak Deep Q-Network (Mnih et al., 2013) czy Actor-Critic
with Experience Replay (Wawrzynski, 2009), odegraty kluczowa role w ugruntowaniu tej
dziedziny, a ich idee staly si¢ podstawa wielu pozniejszych badaf. Rozwijajac algorytm ACER,
kandydat proponuje nowatorskie podejscie do zarzadzania pamiecia doswiadczen, w ktorym
uwzglednia autokorelacje w szumie akcji. Jest to unikalne rozwiazanie, ktére wyrdznia si¢ na tle
literatury, znaczaco przyczyniajac si¢ do rozwoju istniejagcych metod.

Waznym wkladem autora w badania nad RL jest rowniez wprowadzenie adaptacyjnej dtugosci
trwania akcji w algorytmie SusACER. Tradycyjne algorytmy RL opierajga si¢ na stalej
czestotliwoéci aktualizacji, co moze by¢ ograniczeniem w $rodowiskach o zmiennej dynamice.
Analiza przeprowadzona przez autora, ukazujagca wplyw zmiennego czasu trwania akcji na
efektywno$é¢ algorytmu, wypekia luke w dotychczasowej literaturze tematu. Dodatkowo metoda
ASRD w HRL, automatycznie dostosowujaca odleglos¢ celu posredniego, wprowadza nowy
poziom adaptacyjnosci do hierarchicznych metod RL. W literaturze, na przyklad w pracach
Hierarchical Actor-Critic (Levy et al., 2017) i HiTS (Giirtler et al., 2021), podkreslono znaczenie
hierarchicznego modelowania, lecz bez uwzglednienia adaptacyjnej optymalizacji celow
poérednich. Propozycja ASRD wyroznia sig wiec swoja innowacyjnoscia i potencjalnym
zastosowaniem w systemach decyzyjnych wymagajacych dynamicznego dostosowywania
parametrow.

Dodatkowym atutem rozprawy jest uwzglednienie najnowszych trendéw badawczych, takich jak
Quantum Reinforcement Learning (QRL). Wiaczenie technologii kwantowych do przyspieszenia
procesu uczenia i poprawy eksploracji otwiera nowe mozliwoéci badawcze, a kandydat wykazuje
sie doglebng znajomosciq tego rozwijajacego sig kierunku badan. Szeroki przeglad literatury,
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uwzgledniajacy zaréwno klasyczne prace, jak i najnowsze kierunki, Swiadczy o znakomitym
rozeznaniu autora w aktualnym stanie wiedzy i badaniach nad RL.

3. Uklad pracy, charakterystyka rozdzialéw oraz opinia na temat ogolnej
wiedzy teoretycznej kandydata z zakresu dyscypliny

Rozprawa doktorska Jakuba Eyskawy sktada sie z pieciu rozdziatéw. Rozdziat pierwszy oraz drugi
stanowia odpowiednio wprowadzenie do tematyki pracy oraz do uczenia sie ze wzmocnieniem.
Kandydat wykazuje sie gleboka znajomosciq literatury przedmiotu, omawiajgc istniejgce podejscia i
uzasadniajac potrzebe opracowania nowych metod w srodowiskach wymagajacych precyzyjnej
dyskretyzacji czasu oraz hierarchicznego modelowania zadan. W rozdziale tym jasno sformutowane
sq takze cele badawcze pracy. Rozdzialy trzeci i czwarty podsumowuja pie¢ publikacji
(zamieszczonych w zalacznikach do pracy) skladajacych sie dorobek doktoranta. Zalgczone
publikacje naukowe tworza logicznie powigzang calo$¢ i stanowig rdzen merytoryczny pracy.
Kazda z publikacji wnosi istotny wklad do tematyki uczenia sie ze wzmocnieniem i jest
odpowiednio umiejscowiona w strukturze rozprawy, co pozwala na przejrzysta prezentacje
osiggnie¢ naukowych autora. Kandydat odgrywat kluczowa role w realizacji tych badan, co zostato
okreslone procentowym udziatem w poszczeg6lnych publikacjach.

Pierwsza z publikacji, ,,ACERAC: Efficient Reinforcement Learning in Fine Time Discretization”
(IEEE Transactions on Neural Networks and Learning Systems), przedstawia algorytm ACERAC,
ktéry wprowadza autokorelacje dziatan w celu poprawy stabilnosci i efektywnosci algorytméw RL.
Kandydat odegral wiodacq role w opracowaniu tego algorytmu, co zostalo okres§lone udzialem na
poziomie 60%. Publikacja ta, opublikowana w czasopi$mie o wysokim wspétczynniku wplywu
(impact factor 10.4), podkre$la innowacyjnos$¢ podejscia autora.

Druga publikacja, ,,A Framework for Reinforcement Learning with Autocorrelated Actions” (27th
International Conference on Neural Information Processing), rozwija idee zarzqdzania autokorelacjq
dziatan w RL. Kandydat uczestniczyt w tych badaniach w 30%, wnoszac znaczacy wklad w
eksperymenty i analize wynikow.

Trzecia publikacja, ,,Actor-Critic with Variable Time Discretization via Sustained Actions”, opisuje
algorytm SusACER, ktéry wprowadza zmienng dlugos¢ trwania dziatan w RL, co pozwala na
dynamiczne dostosowanie algorytméw do zmiennych $rodowisk. Kandydat byt gtéwnym autorem
tej pracy, co zostato okre$lone udzialem na poziomie 80%.

Czwarta publikacja, ,,Subgoal Reachability in Goal Conditioned Hierarchical Reinforcement
Learning” (Applied Soft Computing), przedstawia adaptacyjne podejScie do ustalania celow
posrednich w hierarchicznym RL poprzez algorytm ASRD. Autor wniést 70% wkiadu do tej
publikacji, opracowujac kluczowe elementy teoretyczne i przeprowadzajac eksperymenty.

Pigta publikacja, ,Influence of IQT on Research in ICT” (Journal of Theoretical and Applied
Computer Science), skupia sie na przegladzie potencjalnych zastosowan RL i ich powigzan z
innowacjami w innych dziedzinach informatyki. Kandydat uczestniczyt w tych badaniach w 40%,
wnoszac znaczacy wkiad do analizy zastosowan RL w praktyce.

Podsumowujac, uklad rozprawy jest logiczny i spéjny, a publikacje wchodzace w jej sktad pokazujq
szeroka wiedze teoretyczng i praktyczng kandydata w dziedzinie RL. Kandydat wykazal sie
zaawansowanymi kompetencjami w zakresie projektowania algorytméw, przeprowadzania badan
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empirycznych oraz krytycznej analizy wynikéw, co $wiadczy o jego wysokim poziomie
przygotowania merytorycznego w dyscyplinie informatyka techniczna i telekomunikacja.

4. Ocena wartosci naukowej rozprawy

Warto$¢ naukowa rozprawy doktorskiej Jakuba Lyskawy jest wysoka i wynika z polaczenia
oryginalno$ci, starannie przeprowadzonej analizy empirycznej oraz potencjalnych zastosowan
wynikéw. Praca ta wnosi nowatorskie rozwigzania w zakresie optymalizacji algorytméw uczenia ze
wzmochnieniem, zwlaszcza tych stosowanych w Srodowiskach o precyzyjnej dyskretyzacji czasu i
hierarchicznym modelowaniu zadan. Kandydat, opracowujgc trzy autorskie algorytmy: ACERAC,
SusACER i ASRD, nie tylko rozbudowuje istniejace metody, ale réwniez przyczynia sie do ich
rozwoju w zakresie nowatorskich podej$¢ opartych na adaptacyjnosci i autokorelacji.

4.1. Nowatorstwo proponowanych rozwigzan

Kluczowa cechg podkreslajaca wysoka warto$¢ naukowa tej rozprawy jest oryginalnosc
zaproponowanych rozwigzan. Kandydat opracowal nowatorskie podejscie do zarzadzania pamiecia
doswiadczen poprzez wprowadzenie mechanizmu uwzgledniajacego autokorelacje akcji w
algorytmie ACERAC. Chociaz autokorelacja akcji byla wcze$niej badana w kontekscie
specyficznych systeméw fizycznych, jej zastosowanie w metodach uczenia sie ze wzmocnieniem
pozostawato dotad niewystarczajaco rozwiniete. Wprowadzenie autokorelacji jako narzedzia
wspierajgcego eksploracje i stabilno$¢ algorytméw off-policy stanowi unikalne rozwigzanie, ktére
otwiera nowe mozliwoSci badawcze w zakresie optymalizacji proceséw uczenia w RL.
Proponowane podejScie rozszerza horyzonty badawcze i sprzyja praktycznym zastosowaniom RL w
systemach autonomicznych, gdzie stabilno$¢ akcji ma fundamentalne znaczenie — przykladem
moga by¢ robotyka i systemy sterowania.

Kolejng istotng innowacjq przedstawiong w rozprawie jest algorytm SusACER, ktéry wprowadza
mechanizm dynamicznej zmiany dlugosci trwania akcji w RL. Dotychczasowe algorytmy RL
opieraly sie na stalej czestotliwosci aktualizacji akcji, co czesto prowadzito do ich nieefektywnosci
w $rodowiskach o zmiennej dynamice. Propozycja Jakuba Lyskawy pozwala na lepsze zarzadzanie
czasem trwania akcji, co umozliwia bardziej precyzyjne dostosowanie algorytmu do specyfiki
zadania. Wprowadzenie dynamicznej dyskretyzacji czasu przynosi potencjalne korzysci w
zastosowaniach wymagajacych elastycznosci, znaczaco poszerzajac ramy dotychczasowych badan
nad RL i oferujgc nowe podejscie do rownowazenia eksploracji oraz eksploatacji.

Metoda adaptacyjnego ustalania celu posredniego (ASRD) stanowi kolejne przelomowe
rozwigzanie w kontekscie hierarchicznego uczenia ze wzmocnieniem (HRL). Dotychczasowe
metody wymagaty recznego doboru parametréw okreslajacych odleglos$¢ celu posredniego, co
wigzato sie z ryzykiem wyboru wartosci suboptymalnych. ASRD eliminuje te koniecznosé,
wprowadzajac dynamicznie dostosowujacy sie mechanizm, ktéry umozliwia skuteczniejsze uczenie
w ztozonych $rodowiskach hierarchicznych. Literatura dotyczaca HRL wskazywata na brak
podobnych rozwiazan, co czyni metode ASRD znaczacym wkladem w rozwoj tej dziedziny,
oferujgcym bardziej elastyczne i automatyczne podejscie do zarzadzania celami posrednimi.

4.2. Staranno$¢ badan empirycznych

Badania empiryczne przeprowadzone przez kandydata sa kompleksowe i potwierdzajq skutecznosc
zaproponowanych algorytméw. Kazdy z trzech autorskich algorytméw zostal przetestowany w
zréznicowanych Srodowiskach symulacyjnych, ktére réznity sie czestotliwoscia aktualizacji,
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poziomem dynamiki oraz wymaganiami dotyczacymi precyzyjnego sterowania. Dzieki szerokiemu
zakresowi testow kandydat przedstawil wyniki dobrze udokumentowane, a analiza wykazuje, ze
proponowane metody przewyzszaja standardowe algorytmy, takie jak SAC czy PPO, w
scenariuszach o wysokich wymaganiach czasowych. Staranno$¢ badan empirycznych widoczna jest
takze w precyzyjnym doborze metryk ewaluacyjnych, ktére pozwalaja na szczegétowe poréwnanie
osiggow roznych algorytméw. Kandydat zastosowat metryki oceniajace zaréwno stabilno$é, jak i
szybkos¢ konwergencji, co jest kluczowe dla pelnej oceny skuteczno$ci metod RL. Analiza danych
przedstawiona w rozprawie jest rzetelna, a wyniki zaprezentowane w sposéb przejrzysty, co utatwia
ich interpretacje i ocene warto$ci naukowej pracy.

4.3. Potencjalne zastosowania wynikéw w praktyce

Warto$¢ naukowa rozprawy jest podkreslona przez potencjalne aplikacje wynikéw w praktycznych
zastosowaniach, zwlaszcza w dziedzinie robotyki oraz systeméw autonomicznych. Algorytmy
ACERAC, SusACER i ASRD mogg znalez¢ zastosowanie w systemach, w ktérych precyzyjne
zarzadzanie czasem oraz stabilno$¢ akcji sq kluczowe. Przyktadowo, w robotyce przemystowej i
mobilnej, gdzie zmienne warunki srodowiskowe wymagaja strategii adaptacyjnych, dynamiczna
diugos¢ trwania akcji moze przyczyni¢ si¢ do znacznego usprawnienia proceséw sterowania.
Zastosowanie algorytmu ACERAC w systemach wymagajacych stabilnej eksploracji w
srodowiskach o precyzyjnej dyskretyzacji czasu moze prowadzi¢ do opracowania bardziej
efektywnych rozwigzan w dziedzinach takich jak drony, pojazdy autonomiczne czy roboty
kroczace. Z kolei algorytm ASRD, ktdry automatycznie dostosowuje odlegto$¢ celu posredniego w
zadaniach hierarchicznych, stanowi cenne narzedzie w systemach decyzyjnych, gdzie kluczowe jest
rozbijanie ztoZzonych probleméw na mniejsze, zarzadzalne podzadania. Zastosowanie ASRD w
systemach takich jak autonomiczne nawigacje i roboty humanoidalne moze umozliwi¢ bardziej
elastyczne i skalowalne podejscie do ztozonych zadar wymagajacych hierarchicznego planowania.

4.4. Wkiad w rozwéj wiedzy naukowej i otwarcie nowych kierunkéw badan

Rozprawa Jakuba Lyskawy nie tylko wnosi wartosciowe innowacje do istniejgcych metod RL, ale
takze otwiera nowe kierunki badai w tej dziedzinie. Wprowadzenie autokorelacji dziatan oraz
dynamicznej dyskretyzacji czasu pozwala na rozwéj badai nad RL w kierunku bardziej
elastycznych i adaptacyjnych metod, co moze stanowi¢ inspiracje dla kolejnych prac. Metody takie
jak ACERAC i SusACER wskazuja potencjalne drogi rozwoju RL, w ktérych kluczowe sq zaréwno
stabilnosc, jak i elastyczno$¢ akcji, co stanowi wyzwanie w przypadku aplikacji w zmiennych i
dynamicznych Srodowiskach. Ponadto adaptacyjnos$¢ algorytmu ASRD w HRL jest innowacja,
ktéra moze zainspirowa¢ dalsze badania nad dynamicznym zarzadzaniem celami posrednimi w
hierarchicznych systemach decyzyjnych. Przeglad technologii kwantowych, cho¢ zwiezly, wskazuje
na potencjalne mozliwosci laczenia kwantowych metod z klasycznym RL, co stanowi nowatorski
aspekt pracy i otwiera przestrzenn do przyszlych badari nad Quantum Reinforcement Learning
(QRL).

Podsumowanie oceny wartosci naukowej

Podsumowujac, warto$¢ naukowa rozprawy doktorskiej Jakuba Lyskawy jest wysoka, a jej
znaczenie wynika z polaczenia oryginalnych rozwigzan, starannie przeprowadzonych badan
empirycznych oraz potencjalnych zastosowan w praktyce. Proponowane przez autora algorytmy
rozwijajq istniejace metody RL o nowe podejscia adaptacyjne i statystyczne, ktére maja znaczenie
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nie tylko teoretyczne, ale takze aplikacyjne. Wyniki osiggnigte przez autora moga stanowic
podstawe do dalszych badarii w dziedzinie RL, a takze inspirowa¢ rozw6j metod RL w kierunku
nowych obszar6w zastosowan, co czyni te prace cennym wktadem do nauki.

5. Oryginalno$¢ rozprawy i warto$¢ jej rezultatow na tle literatury Swiatowej

Rozprawa doktorskiej Jakuba Eyskawy cechuje sie znaczng oryginalnoscia, co przejawia sig
popizez zastosowanie innowacyjnych metod rozwigzania probleméw, ktére nie byly dotychczas
szeroko rozwijane w literaturze $wiatowej. G}6wng innowacjq pracy jest rozwoj algorytmow, ktore
uwzgledniaja specyficzne whasciwosci Srodowisk wymagajacych precyzyjnego zarzadzania czasem
trwania akcji, dynamika dzialan oraz adaptacyjnosci parametréw w procesie uczenia.
Zaproponowano trzy unikalne algorytmy: ACERAC, SusACER oraz ASRD, ktore facznie tworzg
nowa jako$¢ w zakresie efektywnego wykorzystywania pamieci doswiadczen oraz adaptacyjnego
ustalania celéw posrednich w hierarchicznym RL.

Algorytm ACERAC rozwija popularny Actor-Critic with Experience Replay (ACER),
wprowadzajac do procesu uczenia element autokorelacji szumu akcji. W literaturze badawcze]
koncepcja autokorelacji byla rozwazana gtéwnie w kontekécie zjawisk fizycznych, takich jak
inercja systeméw mechanicznych, i jej potencjalne zastosowanie w poprawie stabilnosci
algorytméw RL pozostawalo w duzej mierze niewykorzystane. Praca Jakuba Lyskawy jest jedng z
pierwszych, ktére szczeglowo badaja ten aspekt oraz proponujg bezposrednie wiaczenie
autokorelacji do procesu uczenia. Wprowadzenie tego mechanizmu pozwala na skuteczniejsze
zarzadzanie trajektoriami akcji oraz stabilizacje procesu uczenia w Srodowiskach o wysokiej
czestotliwosci dyskretyzacji czasu. Algorytm ACERAC wyréznia si¢ tym na tle literatury, ze
wykazuje poprawe w stosunku do standardowych metod RL w symulacjach, co moze miec istotne
znaczenie w praktycznych zastosowaniach, takich jak robotyka.

Algorytm SusACER rozwija metodologie RL poprzez zastosowanie zmiennej dhugosci trwania
akcji. Klasyczne metody RL zakladaja stala czestotliwo$¢ aktualizacji dziatan, co moze by¢
ograniczeniem w $rodowiskach o zmiennej dynamice lub tam, gdzie czestotliwo$¢ akcji wymaga
dostosowania w zalezno$ci od zmieniajacych sie warunkéw. Rozwigzanie zaproponowane przez
autora pozwala na dynamiczne dostosowywanie czestotliwoéci aktualizacji dziatan, co ma na celu
zoptymalizowanie réwnowagi miedzy eksploracja a eksploatacjq oraz zmniejszenie liczby
niepotrzebnych obliczeri. W literaturze tematu stosunkowo niewiele uwagi poswiecono zmiennej
dhugosci trwania dziatan, dlatego propozycja Jakuba Lyskawy wyroznia sig oryginalnoscig i
wprowadza cenny wktad do badan nad metodami optymalizacyjnymi w RL.

Trzecia propozycja autora, algorytm ASRD w HRL, wprowadza adaptacyjno$¢ do hierarchicznego
uczenia ze wzmocnieniem. Wiekszo$¢ badan nad HRL, takich jak Hierarchical Actor-Critic (Levy
et al., 2017), zaktada reczne dostrajanie parametréw zwigzanych z celami posrednimi. Metoda
ASRD umozliwia dynamiczne dostosowanie odleglosci celu posredniego (Subgoal Reachability
Distance) na podstawie wynikéw wcze$niejszych prob, co pozwala na lepsze dostosowanie procesu
uczenia do aktualnych warunkéw. Adaptacyjno$c ta, stosowana na poziomie celow posrednich, jest
nowatorskim podejéciem, ktére eliminuje konieczno$¢ recznej optymalizacji parametrow i zwieksza
stabilno$¢ oraz skutecznos$¢ algorytmu HRL.

Ostatecznie warto$¢ rezultatéw rozprawy doktorskiej Jakuba Lyskawy na tle literatury Swiatowej
jest wysoka. Praca nie tylko rozwija istniejace metody, ale rowniez oferuje innowacyjne podejscia,
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ktére moga stac sie podstawg dla przysztych badan. Wyniki eksperymentalne uzyskane przez autora
sa przekonujace, a proponowane rozwigzania majq potencjalne zastosowania w zaawansowanych
systemach autonomicznych, gdzie stabilno$¢ i adaptacyjno$¢ algorytméw RL sg kluczowe. W
kontekscie literatury $wiatowej, praca wyrdéznia si¢ nowymi sposobami wykorzystania zaleznosci
statystycznych i adaptacyjnych mechanizmow, co czyni ja warto$ciowym wkladem do nauki.

6. Ocena umiejetnosci samodzielnego prowadzenia przez kandydata pracy
naukowej

Umiejetnosci samodzielnego prowadzenia pracy naukowej przez Jakuba Eyskawe sa na bardzo
wysokim poziomie, co wida¢ na kazdym etapie realizacji rozprawy. Przede wszystkim autor
wykazat sie zdolno$cia do samodzielnego formulowania istotnych probleméw badawczych, ktére w
zasadniczy sposob rozbudowuja istniejaca wiedze z zakresu RL. Wyodrebnienie zagadnien takich
jak autokorelacja akcji, zmienna dyskretyzacja czasu oraz adaptacyjna optymalizacja celéw
posrednich wskazuje na inicjatywe autora oraz jego zdolno$¢ do dostrzegania waznych wyzwan
badawczych w tej dziedzinie. Kandydat potrafit nie tylko dostrzec istotne problemy, ale takze
zaproponowa¢ innowacyjne rozwigzania, co stanowi $wiadectwo jego samodzielno$ci w
prowadzeniu badan naukowych.

Kandydat wykazatl si¢ rowniez wysokim poziomem umiejetnosci implementacyjnych. Algorytmy
takie jak ACERAC, SusACER oraz ASRD, ktére wymagaja zaawansowanej znajomosci
programowania oraz matematyki stosowanej, zostaly przez autora w peli zaimplementowane i
przetestowane. Autor przeprowadzil kompleksowe testy, ktére potwierdzaja efektywnos¢
proponowanych metod. Planowanie oraz organizacja badan empirycznych, ich opis oraz
szczegoOtowa analiza wynikéw sg na wysokim poziomie, co $wiadczy o profesjonalnym podej$ciu
kandydata do realizacji badan.

Dodatkowo, w swojej pracy autor wykazat zdolnos$¢ do krytycznej oceny uzyskanych wynikéw, co
jest niezbedne w samodzielnej pracy badawczej. Kandydat poréwnat osiggniecia proponowanych
metod z innymi popularnymi algorytmami RL, co pozwolito na weryfikacje ich skutecznosci oraz
wyciagniecie wnioskow na temat ich zastosowan i ograniczen. Analiza wynikéw byla
przeprowadzona rzetelnie, a przedstawione wnioski sq dobrze uzasadnione. Kandydat trafnie
wskazat réwniez kierunki przyszltych badan oraz mozliwosci zastosowania swoich metod w
praktyce, co jest dodatkowym dowodem na jego zdolno$¢ do samodzielnego prowadzenia badari na
poziomie eksperckim.

Podsumowujac, Jakub Lyskawa posiada umiejetnosci niezbedne do samodzielnego prowadzenia
badan naukowych. Jego zdolno$¢ do planowania i realizacji eksperymentéw, krytycznego
analizowania wynikéw oraz inicjatywa badawcza sq na wysokim poziomie, co sprawia, ze jest on w
pelni przygotowany do samodzielnej pracy naukowej.

7. Slabe strony rozprawy

Choc¢ rozprawa doktorskiej Jakuba Lyskawy cechuje si¢ wysoka warto$cig naukowq i znaczng
oryginalno$cig, mozna wskaza¢ kilka stabych stron, ktére moglyby zostaé rozwiniete lub
poprawione, aby zwigkszy¢ jej warto$¢ merytoryczng oraz aplikacyjna.

Pierwszym istotnym ograniczeniem pracy jest przeprowadzenie eksperymentéw wylacznie w
srodowiskach symulacyjnych. Testowanie nowych algorytméw w symulacjach dostarcza
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uzytecznych danych na temat ich efektywnosci, jednakze ogranicza wartos¢ wynikow w kontekscie
ich rzeczywistego zastosowania. Przeprowadzenie testow w rzeczywistych srodowiskach, np. w
kontekscie robotyki, mogloby dostarczy¢ bardziej wiarygodnych dowodéw na skutecznosc¢
zaproponowanych metod, a takze wykaza¢ ich skalowalno$¢ i odporno$¢ na niespodziewane
zmienne. Wprowadzenie takich badan pozwoliloby lepiej oszacowa¢ potencjalne wyzwania
zwigzane z implementacjg zaproponowanych algorytméw w praktyce.

Kolejng stabosScig pracy jest ograniczona analiza hiperparametréw wprowadzonych w autorskich
algorytmach. Zaproponowane metody, takie jak ACERAC i SusACER, wymagaja dostosowania
dodatkowych parametréw, np. stopnia autokorelacji czy dtugosci trwania akcji. Praca nie zawiera
szczegOtowej analizy wrazliwosci wynikow na te parametry, co mogloby dostarczy¢ bardziej
kompletnych informacji na temat optymalnych ustawien i ulatwi¢ ich aplikacje w praktyce.
Dodatkowa analiza wptywu hiperparametréw na stabilno$¢ algorytmu oraz jego wydajnosc
moglaby wzbogaci¢ te czes¢ pracy.

Autor przedstawia réwniez ograniczong dyskusje na temat potencjalnych ograniczen metod
adaptacyjnych. Adaptacyjno$¢, cho¢ przydatna, moze wigza¢ sie z dodatkowa zloZonoscig
obliczeniowg lub problemami wynikajacymi z nieprzewidywalnych zmian parametréw w czasie
rzeczywistym. Praca nie wprowadza analizy wplywu adaptacyjnosci na stabilno$¢ algorytmow ani
potencjalnych probleméw zwigzanych z zastosowaniem metod ASRD. Dalsze rozwinigcie tej
kwestii mogloby poméc zrozumie¢ ryzyka zwigzane 2z zastosowaniem adaptacyjnych
mechanizméw w praktyce i zwiekszy¢ przejrzysto$¢ proponowanych metod.

Przeglad literatury dotyczacy technologii kwantowych w RL, cho¢ interesujacy, jest dos¢ ogolny i
niezbyt silnie powigzany z gléwnymi zagadnieniami badawczymi rozprawy. Kandydat mogiby
rozszerzyC te sekcje, wskazujac konkretne potencjalne polaczenia technologii kwantowych z
omawianymi problemami RL, jak np. mozliwo$¢ wykorzystania kwantowych algorytmoéw do
przyspieszenia proceséw decyzyjnych w hierarchicznym RL. Rozwiniecie tej czgSci w kontekscie
praktycznego zastosowania technologii kwantowych w proponowanych algorytmach mogloby
lepiej uzasadni¢ ich wprowadzenie i zwiekszy¢ sp6jnos¢ pracy.

Ostatecznie, stabe strony rozprawy doktorskiej Jakuba Eyskawy dotycza przede wszystkim
obszaréw, ktére moglyby zwiekszy¢ aplikacyjnos¢ i praktyczng warto$¢ przedstawionych wynikow.
Mimo tych ograniczen, praca charakteryzuje sie wysokim poziomem merytorycznym i wnosi cenne
innowacje do dziedziny RL, a wskazane uwagi stanowig potencjalne kierunki dalszego rozwoju
badan autora.

8. Wnhniosek koncowy

Recenzowana rozprawa doktorska Pana mgra inz. Jakuba Eyskawy spelnia w mojej opinii
wymagania ustawy z dnia 20 lipca 2018 roku Prawo o szkolnictwie wyZszym i nauce stawiane
kandydatom do stopnia naukowego doktora w dyscyplinie informatyka techniczna i
telekomunikacja. Rozprawa proponuje istotne innowacje w obszarze uczenia si¢ ze
wzmocnieniem, a przeprowadzone badania maja duza wartos¢ naukowq i aplikacyjng. Autor
wykazal sie wysokim poziomem samodzielnosci i inicjatywy badawczej, co uzasadnia
dopuszczenie rozprawy do publicznej obrony.
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Whiosek o wyréznienie rozprawy doktorskiej

Na podstawie przeprowadzonej recenzji wnosze o wyroéznienie rozprawy doktorskiej Pana mgra
inz. Jakuba Lyskawy pt. ,Leveraging the distribution of collected samples in reinforcement
learning”, przygotowanej pod opieka naukowa dr. hab. Pawta Wawrzynskiego. W mojej ocenie
praca nie tylko spelnia wszelkie wymagania stawiane rozprawom doktorskim ale wykracza poza
standardy, wyrdzniajac sie wysokq warto$cig naukowgq, innowacyjnoscia oraz profesjonalizmem w
realizacji badan.

Rozprawa Jakuba Lyskawy charakteryzuje sie wyjatkowa oryginalnoscig. Kandydat zaproponowat i
wdrozyt trzy nowatorskie algorytmy — ACERAC, SusACER i ASRD — ktére wnosza istotne
wartoSci do obszaru uczenia si¢ ze wzmocnieniem. Kazdy z algorytméw rozwija istniejace
podejscia w unikalny sposéb, wprowadzajac do literatury Swiatowej zupelnie nowe rozwigzania
oraz odpowiadajgc na istotne wyzwania badawcze. Rozwigzania zaproponowane przez autora
wzbogacaja nie tylko wiedze teoretyczng, ale takze maja szeroki potencjat aplikacyjny w
dziedzinach, ktére wymagajq stabilnych, precyzyjnych i adaptacyjnych algorytméw, takich jak
robotyka, systemy autonomiczne oraz przemystowe systemy kontroli.

Przeprowadzone badania empiryczne zostaly wykonane z duza starannoscia i precyzjg, co pozwala
na wiarygodne potwierdzenie skutecznosci zaproponowanych metod. Autor zaplanowal i
przeprowadzit szerokie testy symulacyjne, a wyniki zostaly rzetelnie przedstawione i oparte na
wnikliwej analizie, co dodatkowo podkresla profesjonalizm kandydata. Kandydat wykazal sie
rowniez wyjatkowymi umiejetnosciami badawczymi oraz zdolnoScig do prowadzenia
samodzielnych badan naukowych. Praca dowodzi jego wysokich kompetencji w zakresie
identyfikowania kluczowych probleméw badawczych, projektowania innowacyjnych rozwiazan
oraz ich precyzyjnej ewaluacji. Szeroka wiedza teoretyczna autora oraz umiejetno$¢ integracji
wynikow z aktualnymi trendami badawczymi czynig te rozprawe wartosciowym wkiadem do
rozwoju dyscypliny naukowej informatyka techniczna i telekomunikacja.

Biorac pod uwage powyzsze argumenty, uznaje, ze rozprawa ta wybitnie przyczynia sie do rozwoju
wiedzy w dziedzinie i reprezentuje poziom zdecydowanie wykraczajacy ponad wymagania
stawiane pracom doktorskim. W zwigzku z tym z pelnym przekonaniem wnosze o jej wyroznienie.
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Leveraging the distribution of collected samples in
reinforcement learning

This dissertation summarizes a series of five publications regarding improving
off-policy Reinforcement Learning algorithms by leveraging the dependencies be-
tween samples resulting from the designs of the algorithms.

In the first part of this work, we focus on the temporal dependencies between
actions that result from not-temporally-independent exploration methods. Firstly,
we note that a common approach to enforcing the similarity of subsequent actions
is to use autocorrelated action noise. We present a process that generates an auto-
correlated noise that keeps both the correlation between subsequent samples and
marginal distribution in each time step constant. Then, we introduce Actor-Critic
with Experience Replay and Autocorrelated Actions, a Reinforcement Learning
algorithm that uses the properties of the temporally correlated action noise to better
calculate the probability density of a sequence of actions. We present experimental
results that show that our solution obtains significantly better results then both
the baseline and the state-of-the-art Reinforcement Learning algorithms, especially
in fine discretization settings. Secondly, we present a framework for actions with
stochastic duration. We show that it is possible to calculate the probability ratio
of a sequence of actions within this framework and we introduce Actor-Critic with
Experience Replay and Sustained Actions that leverages expected actions duration
decreasing over time to improve training efficiency in simulated robotic environ-
ments.

In the second part of this work, we tackle the problem of designing subgoal
precision in Goal-conditioned Hierarchical Reinforcement Learning. We show that
in published research the parameters determining subgoal precision are not always
optimal. We present Adaptive Subgoal Required Distance, a method that auto-
matically determines the subgoal precision based on the distribution of distance
between past subgoals and achieved states. We demonstrate that Adaptive Subgoal
Required Distance makes hierarchical algorithm perform better than with fixed
subgoal precision parameter in most tested configurations.

Overall, our work presents three off-policy online Reinforcement Learning al-
gorithms based on the premise of leveraging existing dependencies in collected
data.

Keywords: Reinforcement Learning, Fine Discretization, Time-dependent Explo-

ration, Hierarchical Reinforcement Learning



Wykorzystanie rozkladu zapamietanego doswiadczenia w
uczeniu ze wzmocnieniem

W niniejszej rozprawie przedstawiamy cykl pieciu publikacji dotyczgcych rozwoju
algorytméw uczenia ze wzmocnieniem off-policy poprzez wykorzystanie zaleznosci
miedzy prébkami wynikajgcych z dzialania tych algorytmoéw.

W pierwszej czesci pracy skupiamy sie na zalezno$ciach czasowych wynikajg-
cych z metod eksploracji, ktére nie sg niezalezne czasowo. Najpierw zwracamy
uwage, ze typowym podejsciem do wymuszania podobienstwa kolejnych akcji jest
uzycie autokorelowanego szumu. Przedstawiamy proces, ktéry produkuje taki szum,
zachowujgc réwnoczes$nie stalg korelacje miedzy kolejnymi jego warto$ciami oraz
rozklad graniczny szumu w kazdym kroku czasowym. Nastepnie przedstawiamy
algorytm, ktory wykorzystuje wlasciwosci skorelowanego w czasie szumu akcji, aby
dokltadniej wyznacza¢ gestosci prawdopodobieristwa sekwencji akcji. Przedstawiamy
wyniki eksperymentéw, ktére pokazuja, ze nasze rozwigzanie otrzymuje znaczgco
wyzsze nagrody niz zaréwno bazowe, jak i powszechnie uzywane algorytmy uczenia
ze wzmocnieniem. Ponadto przedstawiamy podejscie do wykonywania akcji ze zmien-
nym, losowym czasem trwania. Pokazujemy, ze w ramach tego podej$cia mozliwym
jest obliczenie ilorazu gestosci prawdopodobienistw sekwencji akcji i wprowadzamy
algorytm, ktéry wykorzystuje stopniowo zmniejszajgce sie oczekiwane czasy trwania
akcji, aby poprawi¢ wydajnos¢ treningu w symulowanych srodowiskach robotycznych.

W drugiej czesci tej pracy poruszamy problem wyznaczania precyzji osiggania
posredniego celu w hierarchicznym uczeniu ze wzmocnieniem. Pokazujemy, ze w
dotychczasowych publikacjach wartosci parametréw zadajgcych precyzje osiggania
celéw posrednich nie zawsze sg optymalne. Prezentujemy algorytm, ktéry na pod-
stawie rozktadu odlegtosci miedzy poprzednimi osiggnietymi stanami, a zadanymi
celami posrednimi automatycznie wyznacza precyzje, z ktorg cele posrednie majg
by¢ osiggane. Pokazujemy, ze dla wigekszosci badanych algorytméw i §rodowisk
nasza metoda pozwala osiggnac lepsze wyniki niz uzywanie statej zadanej precyzji
osiggania celu.

Cala nasza praca wprowadza trzy algorytmy uczenia ze wzmocnieniem, ktore

wykorzystujg zaleznosci wystepujgce w zebranych prébkach.

Slowa kluczowe: Uczenie ze wzmocnieniem, Gesta dyskretyzacja czasu, Eksplo-

racja zalezna od czasu, Hierarchiczne uczenie ze wzmocnieniem
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1. Introduction

A Markov Decision Process (MDP) is a framework for modeling the periodic inter-
actions of an agent with a dynamic environment. The agent makes decisions based
on the current state of the environment, selecting actions from the available action
space. These actions affect the environment. Each action causes the environment to
change its state, according to an underlying state transition distribution, and results
in feedback in the form of a real number called a reward. Many real-world problems
may be represented as MDPs or their derivative models, such as the Multi-Agent
Markov Decision Process, where multiple agents make simultaneous decisions, or
the Partially Observable Markov Decision Process, where instead of the current
state, the agent perceives some function of it that results in information loss.

Reinforcement Learning (RL) is a machine learning paradigm where the agent is
trained to maximize future rewards in MDP. Thanks to such a proactive approach,
RL may be used for many complex problems, where analytic solutions are not known.
Current applications of RL include landmark detection (Zhou et al., 2021), medical
treatment recommendation (Ma et al., 2023), fine-tuning language models to follow
instructions (Ouyang et al., 2022), and autonomous robotic control (Campos et al.,
2022). Improving RL algorithms allows to obtain better results and reduce the
time and data required for training. As such, designing better RL algorithms is an
important research direction (Shakya et al., 2023).

In classical reinforcement learning, the agent improves by a trial-and-error
approach. The agent performs actions and trains using received rewards. The agent
selects the actions according to a parameterized distribution called a decision policy.
The RL algorithm trains the decision policy to maximize future rewards. However, an
important part of RL algorithms is to also maintain the balance between exploration
and exploitation.

The decision policy does not need to depend on the current state only. Starting
with the first works on Deep RL for continuous action spaces, such as Deep Determin-
istic Policy Gradient (Lillicrap et al., 2015), the authors of RL algorithms introduced
the temporal correlation of action noise to RL algorithms. Such autocorrelated
noise improves exploration in environments with inertia, such as robotic control

environments (Wawrzynski, 2015; Lillicrap et al., 2015). However, these algorithms



do not use information that the actions in the replay buffer are autocorrelated in
the training process.

Many Deep RL algorithms, such as Deep Q-Network (Mnih et al., 2013), Deep
Deterministic Policy Gradient (Lillicrap et al., 2015), and Soft Actor-Critic (Haarnoja
et al., 2018), store experience in a replay buffer. This significantly reduces the need
to interact with the environment, making the learning process more sample-efficient
by reusing past samples. Furthermore, using a replay buffer stabilizes the training
process (Saglam et al., 2023). Most RL algorithms that utilize the experience replay
use stored samples to learn to estimate the outcomes of actions and, using these
estimates, adapt action distribution to improve the agent performance.

Hierarchical Reinforcement Learning (HRL) is an RL approach that breaks down
the control into multiple levels. While the environment determines the final objective
for the whole system, higher-level RL agents determine immediate shorter-term
objectives for lower-level agents. Although such a system is more complex than a
flat RL approach, it allows for solving more complex tasks.

Goal-conditioned RL is an RL approach oriented at controlling environments
with specified goals - namely environments where the objective is to achieve a specific
state, called a goal. Goal-conditioned RL may be used for designing HRL algorithms,
where a higher-level agent specifies goals to be achieved by a lower-level agent. In
continuous goal spaces, an important hyperparameter is a subgoal required distance
- a tolerance with which the goal has to be achieved. While the threshold for the
environment goal is usually defined as part of the problem, the threshold for a goal
selected by a higher-level agent needs to be carefully selected to both allow the
reachability of selected goals and provide fine control by the lower level. In existing
methods, it is usually determined by a hand-picked parameter (Andrychowicz et al.,
2017; Levy et al., 2017; Gurtler et al., 2021). However, too strict a value of this
parameter may result in difficulties in communicating between agents, while too lax

value may decrease the control precision.

1.1. Contribution

Using autocorrelated action noise was proposed in multiple works (Wawrzynski,
2015; Lillicrap et al., 2015; Tallec et al., 2019) as a method for structuring exploration
in physical systems with momentum. However, the algorithms used in these works
only consider each action independently during training without considering the
temporal correlations between these actions.

The autocorrelated action noise results in a different probability of a sequence of

actions when compared to a sequence of independent actions. Furthermore, as the
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action noise at a time step affects the action distribution at the next time step, it
also changes the distributions of future environment states and rewards.
As such, we formulated the following hypothesis:

Hypothesis 1. Including the properties of the autocorrelated action noise in the
training process improves the sample efficiency in physical control environments.

To verify the Hypothesis 1, we proposed Actor-Critic with Experience Replay and
Autocorrelated Actions (ACERAC), a novel algorithm that improves Actor-Critic with
Experience Replay by introducing autocorrelated action noise and incorporating the
properties of the noise into the design of the algorithm. We presented empirical
verification in simulated environments that show that ACERAC obtains better
results than the base ACER algorithm and is much better suited for fine discretization
tasks than other algorithms.

During the research on the Hypothesis 1 we observed that RL algorithms in
fine discretization can obtain higher results while a coarser discretization makes
learning easier. We decided to leverage this observation to improve the performance
of RL algorithms.

Hypothesis 2. Decreasing the expected duration of actions increases the sample effi-
ciency in physical control environments while including the expected action duration
in the collected data allows a value-based algorithm to efficiently reuse old experience
samples.

To test the Hypothesis 2, we introduced Actor-Critic with Experience Replay and
Sustained Actions (SusACER), an algorithm that allows Actor-Critic with Experience
Replay to use experience collected with variable time discretization.

In goal-conditined HRL, the distance to the subgoal required to consider this
subgoal as achieved is usually a hyperparameter. As such, it needs to be either
hand-picked, which carries the risk of selecting a suboptimal value, or included in
hyperparameter optimization, thereby increasing an already significant number of
hyperparameters to optimize.

To the best of our knowledge, there was no previous method to automatically
determine the precision of achieving a subgoal. Our approach to filling this gap may
be summarized in the hypothesis:

Hypothesis 3. The precision of achieving a subgoal in goal-conditioned HRL may
be automatically calculated using a distribution of past distances to subgoals.

To verify this hypothesis we proposed Adaptive Subgoal Reachability Threshold,
a method to automatically determine thresholds of goals selected by a higher level

of a goal-conditioned hierarchical RL algorithm.
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Overall, the purpose of the research presented in this dissertation is
to demonstrate that including statistical properties introduced into the
experience collected by model-free RL algorithms into the design of these
algorithms should improve their sample efficiency.

This is further highlighted by Quantum Reinforcement Learning, on the topic of
which we made an overview of the current state-of-the-art. Quantum RL algorithms
utilize quantum circuits that significantly affect the behavior of the agent. Thus, it
requires specialized algorithms which may leverage the properties of such an agent.

In Chapter 2 we review the background on RL, the background on HRL, and the
state-of-the-art of Quantum Reinforcement Learning.

In Chapter 3 we describe two approaches to enforcing action similarity: action
autocorrelation and sustained actions. We introduce two novel algorithms, ACERAC
and SusACER. We show how an algorithm designed with action autocorrelation is
well-suited for fine-discretization problems.

In Chapter 4 we analyze how the threshold of the subgoal affects the performance
of goal-conditioned HRL. We present the Adaptive Subgoal Reachability Threshold,
a method that utilizes the distribution of past achieved states to automatically adapt
the reachability threshold.

1.2. List of publications

1.2.1. Publications in the series

This dissertation is based on five original works:
e [P1] Jakub Lyskawa, Pawel Wawrzynski. “ACERAC: Efficient Reinforcement

Learning in Fine Time Discretization”, IEEE Transactions on Neural Networks
and Learning Systems vol. 35(2) (2024).

Contribution:

As the first author, the PhD Candidate was responsible for implementation,
and testing of the developed method. Together with the co-author, the PhD
Candidate developed the method and prepared the manuscript for publication.
Ministerial score: 200

Impact factor: 10.4

Percentage of contribution: 60%

e [P2] Marcin Szulc, Jakub Lyskawa, Pawel Wawrzynski. “ A Framework
for Reinforcement Learning with Autocorrelated Actions”, 27th International
Conference on Neural Information Processing (2020).

Contribution:
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The PhD candidate was responsible for the literature review and the prepara-
tion of benchmarks. With co-authors, the PhD candidate reviewed the imple-
mentation code and tested the developed algorithm.

Ministerial score: 140

Percentage of contribution: 30%

[P3] Jakub Lyskawa, Pawet Wawrzynski. “Actor-Critic with Variable Time
Discretization via Sustained Actions”, 30th International Conference on Neural
Information Processing (2023).

Contribution:

As the first author, the PhD Candidate developed, implemented, tested, and
presented the proposed method at the conference. With the co-author, the PhD
Candidate prepared the manuscript for publication.

Ministerial score: 70

Percentage of contribution: 75%

[P4] Michat Bortkiewicz, Jakub Lyskawa, Pawel Wawrzynski, Mateusz Os-
taszewski, Artur Grudkowski, Bartlomiej Sobieski, Tomasz Trzcinski “Subgoal
Reachability in Goal Conditioned Hierarchical Reinforcement Learning”, 16th
International Conference on Agents and Artificial Intelligence (2024).
Contribution:

As a co-author, the PhD Candidate took part in the implementation as a code re-
viewer. He also contributed by discussing results and preparing the manuscript
for publication.

Ministerial score: 70

Percentage of contribution: 20%

[P5] Bogdan Bednarski, Lukasz Lepak, Jakub Lyskawa, Pawel Pienczuk,
Maciej Rosol, Ryszard Romaniuk. “Influence of IQT on research in ICT”, In-
ternational Journal of Electronics and Telecommunications, vol. 68, no. 2
(2022).

Contribution:

As a co-author of a review paper on the topic of Information Quantum Technol-
ogy, the PhD candidate was the author of the section on Quantum Reinforce-
ment Learning.

Ministerial score: 70

Impact factor: 0.7

Percentage of contribution: 16.7%
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1.2.2. Publication not in the series

e Bartlomiej Olber, Krystian Radlak, Krystian Chachuta, Jakub Lyskawa,
Piotr Fratczak “Detecting Out-of-Distribution Objects Using Neuron Activation

Patterns”, IEEE/CVF Conference on Computer Vision and Pattern Recognition
(2023).
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2. Background

2.1. Reinforcement Learning

Markov Decision Process is a framework that models the interactions of an agent
with an environment. MDP is defined by a tuple (S,A,Py,P,,T,R) where S is a
state space, A is an action space, Py is a distribution of initial states, P, is a state
transition distribution, T is a set of terminal states, and R is a reward function. At
each discrete time step ¢ an environment is in a state s; € S. An agent performs an
action a; € A. The selected action a; causes the environment to change state from
sy to syy1 according to the transition distribution P,(s;y1lss,a:). After performing
action a;, the agent receives feedback in the form of reward r; = R(s¢,s:41,a:). A
sequence from the initial state to the terminal state is called an episode. We present
an illustration of MDP in figure 1.

A policy n(als) of the agent is a distribution that specifies the probability of
selecting the action a in the state s. Reinforcement Learning is a machine learning
framework that focuses on the task of finding the optimal policy based on the inter-
actions with the environment. The optimal policy maximizes expected discounted

rewards sum

Qi ~T(S¢4),8¢ =8 (2.1)
1=0

n* = argmax[F (Z YT ie
/2

where y €[0,1] is a discount rate. The discount rate is a parameter that determines
whether the agent should focus more on current or future rewards. For y <1, such
formulation ensures that the target value is finite even for infinite tasks if the reward
is limited. A policy is often parameterized (e.g. neural networks, Q table) and takes
the form of n(als,0).

A function mapping state to expected discounted rewards sum is called a value
function and denoted V”(s). It may be defined recursively as

Qrri ~T(Se4i), 8¢ =8| = E(re + YV (si41)|ar ~ 1(sy), 8 = 8) (2.2)

V7(s)= [E(Z Y'resi

i=0

According to Bellman’s principle of optimality (Bellman, 1952), the optimal pol-
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Figure 1. Illustration of Markov Decision Process

icy chooses optimal actions at each state. As such, most reinforcement learning
algorithms iteratively change policy to maximize the value function for each state.
The action-value function is defined as the expected discounted sum of future

rewards for a given state and action

Qi ~T(Sp4i),ar =a,8¢ =8 | =E(re +YV(se41)|ar =a,s: = s)

(2.3)
The action-value function allows for direct assessment of the results of actions.

Q" (a,s)=E (rt + Y Y e

=1

A common division of RL algorithms is:

e Online RL algorithms. These algorithms assume that data is collected from
the environment as the agent trains, thus allowing for continuous evaluation

of new policies. They are further divided between on- and off-policy algorithms:

1. On-policy RL algorithms utilize only experience collected using current
policy. They gather data, use it for training, and then discard it. Advantage
Actor-Critic (Mnih et al., 2016) and Proximal Policy Optimization (PPO)
(Schulman et al., 2017) are examples of on-policy algorithms.

2. Off-policy RL algorithms collect experience in a replay buffer and reuse it
during later training. As such, they are designed to use data obtained not
only by the current policy of the trained agent but by other policies as well.
Actor-Critic with Experience Replay (Wawrzynski, 2009), Soft Actor-Critic
(SAC) (Haarnoja et al., 2018) and Deep Q-Learning (Mnih et al., 2013) are
examples of off-policy algorithms.

¢ Offline RL algorithms, designed to train without interacting with the environ-

ment. As such, they are not required to balance exploration and exploitation -
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however, they must overcome different challenges, such as unknown results of
certain policies.

Another division of RL algorithms is based on explicit modeling of the environ-

ment.

e Model-free RL algorithms, that do not learn to predict the behavior of the
environment.

e Model-based RL algorithms, that explicitly model the environment to mini-
mize the required number of interactions with the environment. However,
model-based RL algorithms are sensitive to the model accuracy and computa-
tionally expensive (Valencia et al., 2023). Examples include Model-Predictive
Control (Omer et al., 2021) and AlphaZero (Silver et al., 2018)

In this work, we focus on online off-policy model-free RL algorithms.

2.1.1. Exploration in RL

In online reinforcement learning, randomness of the policy is an important part
of the training process. This property, called exploration, allows an algorithm to
search the policy space by selecting actions different from the expected one and
measuring their outcomes. The challenge of how much the selected actions should
differ from the expected action is called the exploration-exploitation trade-off (Sutton
and Barto, 2018).

A simple approach to this challenge is to perform, with given probability ¢, a
random action uniformly sampled from the action space and the expected action
otherwise. This method, called e¢-greedy exploration, is commonly used in discrete
action space settings. An alternative approach for discrete action spaces is to trans-
form the values of the action-value function, using e.g. softmax function, to map the
expected rewards to action probabilities (Ladosz et al., 2022).

In continuous action space separately determining the probability of each action
is not feasible. Thus, parameterized distributions over the action space are used.
A diagonal Gaussian distribution is typically used, parameterized by means and
standard deviations for each dimension of the action space, although more complex
distributions, such as a squashed Gaussian distribution (Haarnoja et al., 2018) or a
multimodal distribution (Huang et al., 2023) may also be used.

A policy that utilizes diagonal Gaussian distribution equates to a policy where a
stationary Gaussian noise ¢ with magnitude dependent on the standard deviation
o(s;) is added to the expected action u(s;)

et ~N(0,0(s1) 2.4)

a; = p(sy) + &
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where u(s;) is determined by the policy and o(s;) is either a hyperparameter, is
adaptively tuned by the RL algorithm independent of the environment state, or is
adaptively tuned by the RL algorithm dependent on the environment state.

Time-independent noise as described above has several drawbacks. Firstly, when
such noise is applied to real-life robot, large differences between consecutive actions
may cause the systems to jerk and result in unstable behaviour (Mysore et al., 2020)
or damage to the system (Wawrzynski, 2015). Secondly, such noise may get lost in
the inertia of the system, resulting in poor exploration (Korenkevych et al., 2019).
There exist multiple alternatives to unstructured exploration such as autocorrelated
noise (Wawrzynski, 2015; Lillicrap et al., 2015), sustaining actions (Dabney et al.,
2020), and parameter-space noise (Raffin and Stulp, 2020)

2.1.2. Actor-Critic with Experience Replay

Actor-Critic with Experience Replay (ACER) (Wawrzynski, 2009) is an online
off-policy model-free RL algorithm. It is based on the Actor-Critic framework (Barto
et al., 1983) with two models, an Actor and a Critic. The purpose of the Critic is to
estimate the future rewards, which in the ACER algorithm is done by estimating the
value function (eq. 2.2). The Actor determines the current policy of the agent. ACER
is a deep RL algorithm. As such, both Actor and Critic are typically implemented
using neural networks.

Experience replay is an important mechanism in many off-policy deep RL al-
gorithms (Fedus et al., 2020). It is used in the ACER algorithm to store tuples of
values (ss,a4,8:+1,7:(as|se), re,ds+1), where m(a;|s;) is the probability (or probability
density for continuous action space) of the agent selecting action a; in the state s;
according to the policy at the time step ¢# and d;.1 equals 1 if s;;; is a terminal state
and 0 otherwise.

ACER uses n-step trajectories, which are sequences of n consecutive experience
samples, to estimate future discounted rewards. n is sampled from a geometric
distribution independently for each trajectory. The temporal difference error, which
is the error of the expected discounted rewards sum estimator, is calculated for a
trajectory of length n and initial time step ¢ using n-step returns as

n—1

O8F = Y ¥'Tesi + V"V (s140) = V(st) (2.5)

i=0
The Critic is trained to minimize the expected value of the squared error (67)2.
The Actor is trained to maximize the expected discounted rewards sum for each
state which is reducible to maximizing En(a;|s;)07. An underlying gradient-based

algorithm calculates updates for the Actor and Critic parameters.
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However, the samples stored in the experience replay buffer are collected with the
probabilities at the time of collection 7;(a;|s;), which may differ from the probabilities
at the time of optimization n(a;|s;) as the policy might have changed. ACER uses
importance sampling (Kloek and van Dijk, 1978) to mitigate the bias introduced to
the optimization process by the change of the action distribution. The gradient for a
trajectory that begins at time step ¢ is weighted by the ratio between the current
probability of the sequence of actions and the probability at the time these samples
were collected 1 s

T A ¢+i1St+i
IS? - E} Teri(@ilStsi) (2.6)
which is later clipped to limit its variance.

The original implementation of the policy in ACER for continuous environments
consists of actor A(s) that outputs the expected action for the state s. Gaussian
noise N(0,0) with mean 0 and standard deviation o is added to each element of the

expected action to enable exploration.

2.2. Hierarchical Reinforcement Learning

Hierarchical RL is an approach to solving MDP by decomposing it into multiple
smaller, simpler problems. As such, HRL may be applied to more complex tasks, is
considered an important step in applying RL to life-long learning scenarios, and
increases interpretability of RL systems (Hutsebaut-Buysse et al., 2022).

Specifically, in the HRL setting, the task is decomposed into a hierarchy of
subtasks. The target of a higher-level subtask is to control the policy at the level
directly below it. The lowest-level policy interacts directly with the environment
(Zhang et al., 2021).

Hutsebaut-Buysse et al. (2022) divides HRL methods into three frameworks:

o Problem-specific approaches rely on external knowledge in dividing tasks. While
they are often intuitive and interpretable, it is difficult to automatically create
such a system (Hutsebaut-Buysse et al., 2022).

e Options-based algorithms temporally divide higher-level tasks into separate
actions, called options. These options specify the behavior of the agent until
another option is selected (Huang et al., 2024).

e Goal-conditioned HRL algorithms train a higher-level policy to select a subgoal,
which is a subset of the state space, that the lower-level policy is trained to
achieve (Yu et al., 2024). We describe this HRL framework, which is the focus

of our work in chapter 4, in detail in subsection 2.2.1.
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2.2.1. Goal-conditioned Hierarchical Reinforcement Learning

In goal-conditioned HRL, the purpose of the highest layer is to control the agent in
a way that maximizes the expected discounted rewards returned by the environment.
To control the agent this layer outputs a subgoal that specifies the desired state of
the agent after a given number of time steps. The purpose of the lower layer is to
achieve this subgoal, either by specifying intermediate subgoals for a further layer
or, in the case of the lowest layer, by directly controlling the agent.

Formally, goal-conditioned HRL utilizes a hierarchy of L layers where layer 0 is
the lowest layer and layer L —1 is the highest. Each layer [ has its action space A/,
state space S’, and a policy n'. Each layer except the highest level has its subgoal
space G' determined by a subgoal function f!:S’ — G'. A single action of I > 0 level
policy is selected at a time step ¢’ and lasts until the next action is selected until
time step ¢”. The subgoal gl~! € s.~! for the layer I -1 is part of the /-level action
gi‘l € alt, for te{t,...,#"}. Time steps ¢ and ¢”” determine the boundaries of an episode
for the level I —1 (Robert et al., 2024). Duration of /-level layer action in terms of the
number of lower-level time steps may be constant, but recent approaches include it
as part of the /-level action (Giirtler et al., 2021).

The reward for a [-level policy depends mostly on achieving a goal determined
by the higher-level (for [ < L —1) (Liu et al., 2022). However, it may also include
a component for (I — 1)-level policy achieving the goal determined by the current
level (for [ > 0) to increase the achievability of produced goals (Levy et al., 2017).
The reward for achieving the goal in goal-conditioned HRL is often sparse (Zou and
Suzuki, 2023). In continuous environments, the goal is considered achieved if the
mapped state f'(s;) is within a certain distance of the goal gi, with this distance
determined by a Subgoal Required Distance (SRD) parameter (Andrychowicz et al.,
2017; Levy et al., 2017; Gurtler et al., 2021).

2.3. Quantum Reinforcement Learning

In the publication P5, we reviewed the influence of Information Quantum Tech-
nologies on research in different areas of Information and Communication Technolo-
gies. One of the considered areas is RL, where the influence of quantum technologies
resulted in the emergence of Quantum Reinforcement Learning (QRL), which we
summarize in this section.

QRL is an RL framework where at least one of its components, either the
policy and/or the environment, is realized using a quantum system (Dong et al.,
2008). QRL is designed to approach the challenges of RL methods. The problem
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of exploration-exploitation balance, one of the most significant challenges of the
RL framework (Dulac-Arnold et al., 2021) may be naturally mitigated by intrinsic
randomness of quantum systems (Dong et al., 2008). Furthermore, the QRL ap-
proach may result in quadratic (Dong et al., 2008) or exponential (Dunjko et al., 2016)
increase in the learning speed in certain scenarios. The relatively high probability of
errors occurring during computations, a characteristic feature of quantum computers
(Nielsen and Chuang, 2011) which is often considered detrimental (Ryan-Anderson
et al., 2021), may be used by QRL methods for enhancing the tendency of the agent
to explore new paths (Flamini et al., 2020).

A quantum state |S) in a quantum environment is a superposition of n eigen

states (state values that may be observed) |s;)

1ISY=") ails;) (2.7)
i=1l..n
where a; € C are the probability amplitudes of the corresponding eigen states. As

such, a, must satisfy a constraint

Y lanl?=1 (2.8)
i=1l..n
Analogously, a discrete quantum action |A) is a superposition of m eigen actions
la ;)

|A) = ' Y. Bjlaj) (2.9)

j=1...
where ; € C are the probability amplitudes of the corresponding eigen actions

constrained by

Y B =1 (2.10)

Jj=l.m

(Dong et al., 2008).

A continuous action ¢ in a quantum environment may be implemented as a
parameter of a unitary U(a) on a quantum state |s) (a transformation that determines
the quantum state transition) (Wu et al., 2020).

There were multiple approaches to creating QRL algorithms, including the fol-
lowing examples:

¢ Dong et al. (2008) proposed to store actions |A®) in a single quantum register

for each eigen state |s). When observed, action |A®) collapses into an eigen
action |a;) with the probability | p:). Amplitudes p$ are iteratively updated
using Grover algorithm (Grover, 1996) to maximize the value function.

¢ Dunjko et al. (2016) utilized the quantum model of an environment as an oracle

to quickly find rewarding action sequences using the Grover algorithm.
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e Variational Quantum Circuits (Du et al., 2020), which are parameterized cir-
cuits considered analogous to neural networks (Cerezo et al., 2021), were applied
to several deep RL algorithms such as Deep Q Network (Chen et al., 2019),
Deep Deterministic Policy Gradient (Wu et al., 2020), and PPO (Kwak et al.,
2021) to adapt them to quantum computers.

QRL was already shown to give promising results in tasks such as modeling and
explaining human decision process (Li et al., 2020) or high-fidelity cloning of an
unknown quantum state (Shenoy et al., 2020).
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3. Enforcing action similarity

In this chapter, we present our approaches to different methods of enforcing
the similarity of subsequent actions. These methods are presented in detail in
publications P1, P2 (action autocorrelation), and P3 (sustained actions).

For simplicity, in this chapter, we use single-dimensional notation to describe
action noises, as the exploration processes considered in this work are independent

for each dimension.

3.1. Action autocorrelation

Autocorrelation of the action noise is one of the methods for enforcing action
similarity in RL. It is especially important for environments that represent physical
systems, such as robots, as unstructured noise results in rapidly changing control
signals that may damage the system, as most motors are not well-suited to such
control signals or get lost in the momentum of the system. However, while certain
previous works, such as Lillicrap et al. (2015); van Hoof et al. (2017); Tallec et al.
(2019), use autocorrelated action noise, they do not account for this noise during
training. In P1 and P2 we approached the challenge of creating an RL algorithm
that incorporates the autocorrelation of the action noise in the training process to
increase its sample efficiency.

Following Lillicrap et al. (2015), most approaches to RL that utilize action auto-
correlation use the Ornstein—Uhlenbeck process (Uhlenbeck and Ornstein, 1930) as

the action noise ¢, for continuous 7
dé, =—-0¢é +0dB; (3.1)

where 6 and ¢ are parameters and B; is the Brownian motion. For discrete time step
t, dB; is implemented using the normal distribution, resulting in the following noise

process for discrete time step ¢

Ep ~ N(O,l)
§e=(1-0)-1+0¢;

(3.2)
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For continuous action spaces, instead of the uncorrelated action noise as in eq. 2.4,
this noise is added to the expected action u(s;) to produce the action for the time step
t.

3.1.1. Initial research

In the publication P2, which presented our initial work on this topic, we redefined
the autocorrelated process. Firstly, we applied the constraint that the distribution
of the noise should be normal with mean 0 and standard deviation ¢, which in our
work is a hyperparameter. Secondly, the correlation coefficient between noise and
its previous value should be constant. We denote this coefficient as a. Thirdly, we
kept the Markovian property of the Ornstein-Uhlenback process, making the noise
at a given time step dependent only on its immediate predecessor. This gives the
following definition of the noise

Ep ~ N(O,U)
é‘ &y 1ft =1 (33)
t =
aéi_1+V1—-a?e; otherwise

This noise is later added to the expected action u(s;) to produce the action a; for the
time step ¢
a; = u(se) + &y (3.4)

Given the above definition of the noise, we calculated the conditional probability
n(a}|s},¢:-1) of a sequence of n actions a} given a sequence of n states 57 and the
previous noise &;_1.

Our initial version of the ACERAC, algorithm presented in the publication P2,
is based on the ACER algorithm. Instead of sampling the trajectory length from a
random distribution, it uses constant trajectory length. It uses the redefined action
noise for exploration and the conditional probability of a sequence of actions with
autocorrelated noise to estimate the importance sampling weights. Furthermore,
instead of optimizing action probabilities to maximize rewards as in the ACER algo-
rithm, it optimizes the probabilities of sequences of actions. We used four simulated
robotic environments from an open-source PyBullet simulator (Coumans and Bai,
2021) to experimentally verify the quality of the algorithm. The experimental results
presented in this publication show that this version of ACERAC obtains improved
results when compared to the base ACER algorithm, and obtains similar results as
the state-of-the-art RL algorithms PPO and SAC.
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3.1.2. Continued research

In publication P1 we continued research presented in publication P2. We re-
designed the critic used by the ACERAC algorithm to include not only the state of
the environment but also the state of the noise in the form of the expected action for
this environment state.

In publication P1 we introduced the noise-value function W(u,s) which reflects
that future rewards depend not only on the state of the environment but also on the
state of the autocorrelated noise as well. Thus, we defined the noise-value function

as

W(u,s)=E (Zyirt+i sy =s,Ea; = u) (3.5)
i

namely, as the expected discounted sum of future rewards given state s and the

expected action u. The expected action for a time step ¢ is calculated as

(s4) ift=1
wy = Eaglsy, 1) = {“ ‘ (3.6)

w(sy) +aé;—1  otherwise

for the action mean u(s;) determined by the policy and the expected noise for this time
step given the noise for the previous time step é;_1. Such formulation, which uses
the expected action instead of the state of the action noise, makes the noise-value
function more robust to changes in the policy function.

The revised version of the ACERAC algorithm presented in the publication P1
uses the noise-value function estimator as critic.

In the publication P1 we also extended the experimental setting to include
fine-discretization environments. For this purpose, for each of the four simulated
robotic environments, we also included versions that used 3 and 10 times higher
control frequencies. We tested the revised version of the ACERAC and compared
it to ACER, PPO, and SAC. We also compared it to another algorithm designed for
fine-discretization settings, Continuous Deep Advantage Updating (CDAU) (Tallec
et al., 2019).

Our experimental results presented in publication P1 show that the revised
ACERAC is on par with state-of-the-art RL algorithms on base discretization and
outperforms them in fine discretization settings. It is an improvement over the base
ACER algorithm and it also outperforms the CDAU algorithm for all discretization
settings. Our research shows that n-step returns and action autocorrelation allow
RL algorithms to obtain better results in fine discretization settings, making AC-
ERAC especially well-suited for such tasks. We also show that while using finer

25



discretization control on an environment makes it more difficult for RL algorithms,

it allows them to find better control policies.

3.2. Sustaining actions

Following observations from the experimental study presented in the publication
P1 that while finer discretization allows to obtain better results a coarser discretiza-
tion makes learning easier, we designed an algorithm that starts with longer actions
and over time reduces the sustain length to match the base discretization of the
environment to improve its sample efficiency. We presented our solution in the
publication P3.

We based our framework for changing the discretization of the environment on
sustaining actions.

In the RL framework, an agent selects an action, a;, at the time step ¢. If the
action a; is sustained for £ = 0 time steps, then the agent performs a; at each time
step ¢ +i for i ={0,...k}. At the time step ¢+ % + 1 the agent selects the next action.

If each action is sustained for the same number of steps, then effectively the
discretization of the environment is lowered. Such an approach was used by Mnih
et al. (2013). Further works extended this approach by applying different sustain
lengths for different environments (Kalyanakrishnan et al., 2021) and by optimizing
action duration (Yu et al., 2021; Biedenkapp et al., 2021).

In our work, we presented another approach to leveraging sustaining actions.
Our solution starts from longer sustain durations and it decreases them over time
to finally perform each action for only a single step.

To make sequences of actions drawn from continuous distributions probable in
different discretizations we used stochastic sustain durations. The number of time
steps for which an action a; is sustained is drawn from a geometric distribution with
a success probability p;. As a result, in each time step ¢ the agent selects a new
action with a probability p; or sustains the previous one with a probability p;_1. The
expected duration of an action E; taken at the time step ¢ equals pit.

The above formulation changes a continuous action distribution to a mixed
discrete/continuous one. In the publication P3 we derived the probability ratio for
such distribution and showed that p; not decreasing over time is a sufficient condition
for this method not introducing infinite factors to the probability ratio.

We also considered how sustaining actions affect the exploration/exploitation
balance. Assuming that the underlying system may be approximated over a short
time period [, 7+ A] by a differential equation C% = B+Ca; we showed that executing

n independent actions over a given short time period decreases the covariance of
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the state change n-times when compared to executing a single action over this time
period.

In the publication P3 we introduced the Actor-Critic with Experience Replay
and Sustained Actions (SusACER) algorithm. It is based on the ACER algorithm
described in the subsection 2.1.2. The duration of the actions follows the stochastic
sustaining process described above with the expected duration of the action E;
decreasing linearly from its initial value E(, over Tg time steps, where both E
and Tz are hyperparameters. SusACER also adapts the dispersion of the action
distribution to keep the exploration at the same level as if the actions were selected
independently in each time step.

In the experimental study, we compared the SusACER algorithm to the base
ACER algorithm and two state-of-the-art RL algorithms, SAC and PPO. We also
performed an ablation study of the influence of the introduced hyperparameters E|
and Tr. We performed the experiments using 4 simulated environments.

Our research showed that SusACER obtained results either similar to or higher
than other algorithms. We also verified that while SusACER on each of the environ-
ments we used benefited from initially increased discretizations, for more difficult
environments that required finer control optimal values of E, were lower than for

the simpler environments.
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4. Subgoal reachability in
Goal-conditioned Hierarchical RL

In goal-conditioned HRL the Subgoal Reachability Distance parameter is usually
hand-picked or included in hyperparameter search (Chane-Sane et al., 2021; Colas
et al., 2020; Liu et al., 2022). However, this increases an already significant number
of hyperparameters of an HRL algorithm. Furthermore, selecting too small a value
of Subgoal Reachability Distance may result in unrealistic subgoals, while selecting
too large a value may result in imprecise control, with both these cases hindering
the training of the whole system. In our work, detailed in publication P4, we verified
that a value of Subgoal Required Distance that both allows for improved control
and is achievable by the current policy may be automatically inferred from past
distances to subgoals.

We experimentally verified that goal-conditioned HRL algorithms such as Hi-
erarchical Actor-Critic (HAC) (Levy et al., 2017) and Hierarchical reinforcement
learning with Timed Subgoals (HiTS) (Giirtler et al., 2021) are sensitive to the value
of the SRD parameter, and setting it to too low or too high a value hinders the
training process. Our research showed as well that the SRD values hand-picked by
the authors of the aforementioned methods are not optimal in all cases.

We proposed an approach that ensures that the SRD value is neither too high
to allow improvement of the lower-level policy nor too low for the goals to be reach-
able. Our method, called Adaptive Subgoal Required Distance (ASRD), sets SRD to
g-quantile of the past distances to subgoals recorded in a sliding window of fixed
size.

Our experimental study shows that, on 7 out of 8 tested environment/algorithm
pairs, using ASRD allows to obtain higher results than using fixed SRD selected by
the original authors of the HAC and HiTS algorithms. Furthermore, ASRD shows
less susceptibility to disturbances of initial SRD value when compared to the base
algorithms with disturbed SRD value.






5. Conclusions

In this work, we presented several solutions that leverage the statistical depen-
dencies in collected data.

ACERAC and SusACER extend ACER by considering the temporal dependency of
the action noise when calculating the probabilities of action sequences. Our experi-
mental research, especially in fine-discretization settings for ACERAC, confirms that
both ACERAC and SusACER outperform the base ACER algorithm in simulated
environments. The results of the ACERAC algorithm shows that including the
properties of the autocorrelated action noise in the training process improves the
sample efficiency in physical control environments. The results of the SusACER
shows that decreasing the expected duration of actions increases the sample efficiency
in physical control environments. Including the expected action duration in the data
collected by SusACER allows it to efficiently reuse old experience samples.

ASRD automatically determines the SRD in goal-conditioned HRL algorithms
based on the distribution of past distances to subgoals. We showed that ASRD
improves the performance and robustness of goal-conditioned HRL methods while
simplifying hyperparameter search.

Overall, we demonstrate in this dissertation that the statistical properties of the
collected data, that are introduced by RL algorithms, may be leveraged to further
improve the performance of these algorithms.






6. Other achievements

This dissertation is based on publications listed in section 1.2.1. Other achieve-
ments of the PhD candidate are:

Conference presentation

e “Actor-Critic with variable time discretization via sustained actions”, 30th
International Conference on Neural Information Processing (2023).

Projects

¢ Predictive modeling and power flow optimization of industrial refrig-
eration and freezing plants.
01 IIT 2019 — 30 IX 2019.
Project leader: Pawet Cichosz, PhD.
Scope of work of the candidate: statistical modeling of the temperature in
industrial freezing plants.

¢ Feasible and Effective Exploration in Reinforcement Learning.
12 IV 2021 — 30 VI 2021.
Project leader: Pawet Wawrzynski, PhD DSec.
Scope of work of the candidate: developing and assessing methods of exploration
adaptation for RL algorithms.

¢ Methods of simulation and analysis of logistic networks of postal oper-
ators.
01 IT 2022 — 31 VIII 2022
Project leader: Rafat Biedrzycki, PhD DSc.
Scope of work of the candidate: development of an application of a system for
optimizing the logistic network of a postal operator.

¢ Integrated Computer System for Safety Assessment of deep neural
networks in autonomous driving.
08 XTI 2022 — 31 XII 2023.
Project leader: Krystian Radlak, PhD.
Scope of work of the candidate: creating a method for automatic evaluation
of the quality of image detection annotations and development of a tool for

automatic evaluation of image detection database.



Didactic

e Second Degree Team Rector’s Award in Didactic Achievements

Social activity

¢ Organization of a workshop with an introduction to RL for the Al science club
“Golem”. 18 XII 2021 & 08 I 2022

e Mentor on Machine Learning & Data Science Hackaton. 04 VI 2022 — 05 VI
2022, Warsaw.

¢ Organization of a workshop with an introduction to RL for the Al science club
“Golem”. 20 III 2024

¢ Presentation for Al science club “Golem” on “Reinforcement Learning in Medical
Applications - an overview.”. 06 VI 2024
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ACERAC: Efficient reinforcement learning in fine
time discretization

Jakub Lyskawa, Pawet Wawrzynski

Abstract—We propose a framework for reinforcement learning
(RL) in fine time discretization and a learning algorithm in
this framework. One of the main goals of RL is to provide
a way for physical machines to learn optimal behavior instead of
being programmed. However, effective control of the machines
usually requires fine time discretization. The most common RL
methods apply independent rand 1 ts to each action,
which is not suitable in that setting. It is not feasible because
it causes the controlled system to jerk, and does not ensure
sufficient exploration since a single action is not long enough to
create a significant experience that could be translated into policy
improvement. To address these pitfalls, in this paper we introduce
an RL framework and adequate analytical tools for actions that
may be stochastically dependent in subsequent time instances.
‘We also introduce an RL algorithm that approximately optimizes
a policy that produces such actions. It applies experience replay
to adjust likelihood of sequences of previous actions to optimize
expected n-step returns the policy yields. The efficiency of this
algorithm is verified against four other RL methods (CDAU,
PPO, SAC, ACER) in four simulated learning control problems
(Ant, HalfCheetah, Hopper, and Walker2D) in diverse time
discretization. The algorithm introduced here outperforms the
competitors in most cases considered.

Index Terms—Reinforcement learning, Actor-Critic, Experi-
ence Replay, Fine Time Discretization.

I. INTRODUCTION

The subject of this paper is reinforcement learning (RL)
[1]. This field offers methods of learning to make sequential
decisions in dynamic environments. One application of such
methods is the literal implementation of “machine learning”,
i.e., enabling machines and software to learn optimal behavior
instead of being programmed.

The usual goal of RL methods is to optimize a policy that
samples an action based on the current state of a learning
agent. The only stochastic dependence between subsequent
actions is through state transition: the action moves the agent
to another state, which determines the distribution of another
action. The main analytical tools in RL are based on this
lack of other dependence between actions. For example, for
a given policy, its value function expresses the expected sum of
discounted rewards the agent may expect starting from a given
state. The sum of rewards does not depend on actions taken
before the given state has been reached. Hence, only the given
state and the policy matter.

Lack of dependence between actions beyond state transition
leads to the following difficulties. In the physical implemen-
tation of RL, e.g., in robotics, the lack of dependence usually
means that white noise is added to control actions. However,

this makes control discontinuous and subject to constant rapid
changes. In addition, this is often impossible to implement
since electric motors to execute these actions can not change
their output too quickly. Even if such control is possible, it
requires large amounts of energy, makes the controlled system
shake, and exposes it to damages.

Control frequency for real-life robots can be much higher
than that of simulated environments for which RL methods are
designed. The typical frequency of the control signal for envi-
ronments commonly used as benchmarks for RL algorithms
ranges from 20 to 60 Hz [2], while the control frequency
considered for real-life robots is 10 times higher, from 200
to 500 Hz [3] and can be even higher, up to 1000 Hz [4].
Therefore, finer time discretization should be considered to
make RL more suitable for robotics.

The lack of dependence between actions beyond state transi-
tion may also reduce the efficiency of learning as follows. Each
action is then an independent random experiment that leads
to policy improvement. However, due to the limited accuracy
of (action-)value function approximation, the consequences
of a single action may be hard to recognize. The finer the
time discretization, the more serious this problem becomes.
The consequences of a random experiment distributed over
several time instants could be more tangible and thus easier
to recognize.

Additionally, fine time discretization makes policy evalua-
tion more difficult, as it requires accounting for more distant
rewards. Technically, the discount factor needs to be larger,
which makes learning more difficult for most RL algorithms
[5].

To avoid the above pitfalls, we introduce in this paper
a framework in which an action is both a function of state and
a stochastic process whose subsequent values are dependent.
In particular, these subsequent values can be autocorrelated,
which makes the resulting actions close to one another. A part
of action trajectory can create a distributed-in-time random
experiment that leads to policy improvement. An RL algorithm
is also introduced that optimizes a policy based on the above
principles.

The contribution of this paper may be summarized by the
following points:

o A framework is introduced here in which a policy pro-
duces actions based on the states and values of a stochas-
tic process. This framework is suited for the application
of RL to optimization of control in physical systems, e.g.,
in robots.

0000-0000/00$00.00 © 2021 IEEE
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o An ACERAC algorithm, based on Actor-Critic structure
and experience replay, is introduced that approximately
optimizes a policy in the aforementioned framework.

« An extensive study is described here with four benchmark
learning control problems (Ant, Half-Cheetah, Hopper,
and Walker2D) at diverse time discretization. The per-
formance of the ACERAC algorithm is compared using
these problems with state-of-the-art RL methods.

This paper extends [6] in several directions. We introduce
here the notion of adjusted noise which is the input to the
noise-value function. Also, when manipulating the policy
parameter, the value of the noise-value function at the end of
the action sequence is taken into account. The experimental
study of the resulting algorithm is almost entirely new.

The rest of the paper is organized as follows. The problem
considered here is formulated in Sec. II. Another section
overviews related literature. Sec. IV introduces a policy that
produces autocorrelated actions along with tools for its analy-
sis. Sec. V introduces the ACERAC algorithm that approx-
imately optimizes this policy. Sec. VI presents simulations
that compare the algorithm presented with state-of-the-art
reinforcement learning methods. The last section concludes
the paper.

II. PROBLEM FORMULATION

We consider here the standard Markov Decision Process
(MDP) model [1] in which an agent operates in discrete time
t=1,2,.... At time ¢ the agent finds itself in a state, s; € S,
takes an action, a; € A, receives a reward, 7, € R, and is
transited to another state, s¢+1 ~ Ps(:|s¢,ar), where Py is
a fixed but unknown conditional probability.

The goal of the agent is to learn to designate actions to
be able to expect at each ¢ the highest discounted rewards in
the future. To ensure exploration, there is usually a random
component introduced into the action selection.

We mainly consider the application of the MDP model to
control physical devices. Therefore, we assume that both S and
A are spaces of vectors of real numbers [7]. We also assume
fine time discretization typical for such applications, which
means that designating actions the agent should account for
rewards that are quite distant in terms of discrete-time steps in
the future. This translates into a discount parameter close to 1,
e.g., v € (0.995,1). We require the reasons for the instability
of learning with such a large 7 [5] to be overcome.

To ensure applicability to control of physical machines,
we require that the actions should generally be close for
subsequent ¢, even if they are random. Also, the learning
should be efficient in terms of the amount of experience needed
to optimize the agent’s behavior.

III. RELATED WORK

A general way to make subsequent actions close is the
autocorrelation of the randomness on which these actions
are based. Efficiency in terms of experience needed can be
provided by experience replay. We focus on these concepts in
the literature review below.

A. Stochastic dependence between actions

An autocorrelated stationary stochastic process was pre-
sented in [8]. It was later proven to be the only non-trivial
autocorrelated Gaussian stochastic process that satisfied the
Markov property [9].

A policy with autocorrelated actions was analyzed in [10].
This policy was optimized by a standard RL algorithm that
did not account for the dependence of actions. In [11] a policy
was analyzed whose parameters were incremented by the au-
toregressive stochastic process. Essentially, this resulted in
autocorrelated random components of actions. In [12] a policy
is analyzed that produced an action that was the sum of
the autoregressive noise and a deterministic function of the
state. However, no learning algorithm was presented in the
paper that accounted for the specific properties of this policy.

B. Reinforcement learning for fine time discretization

In [13] RL in arbitrarily fine time discretization is analyzed.
It is proven that RL based on the action-value function can
not be effective when time discretization becomes sufficiently
fine and note the importance of the dependence of the action
noise in the next timesteps. In the aforementioned work
RL algorithm called Deep Advantage Updating (DAU) for
discrete actions and its variant for continuous actions (CDAU)
are introduced. These methods are based on estimating the
advantage function and are presented as immune to time
discretization.

Integral Reinforcement Learning (IRL) is an approach to
learning control policies for continuous-time environments.
IRL is based on the assumption that the control problem can be
divided into a hierarchy of control loops [14]. This assumption
is usually not satisfied in challenging tasks and thus IRL is not
applicable to tasks with any state transition dynamics, only
those belonging to a certain relatively narrow class [15].

C. Reinforcement learning with experience replay

The Actor-Critic architecture for RL was first introduced
in [16]. Approximators were applied to this structure for the
first time in [17]. Basic on-line RL algorithms use consecutive
events of the agent-environment interaction to update the
policy. To boost the efficiency of these algorithms, expe-
rience replay (ER) can be applied, i.e., storing the events
in a database, sampling, and using them for policy updates
several times per each actual event [18]. ER was combined
with the Actor-Critic architecture for the first time in [19].

However, the application of experience replay to Actor-
Critic encounters the following problem. The learning algo-
rithm needs to estimate the quality of a given policy based
on the consequences of actions that were registered when
a different policy was in use. Importance sampling estimators
are designed to do that, but they can have arbitrarily large
variances. In [19] the problem was addressed with truncating
density ratios present in those estimators. In [20] specific
correction terms were introduced for that purpose.

Another approach to the aforementioned problem is to
prevent the algorithm from inducing a policy that differs

46




too much from the one tried. This idea was first applied in
Conservative Policy Iteration [21]. It was further extended
in Trust Region Policy Optimization [22]. This algorithm
optimizes a policy with the constraint that the Kullback-
Leibler divergence between this policy and the one being
tried should not exceed a given threshold. The K-L divergence
becomes an additive penalty in Proximal Policy Optimization
algorithms, namely PPO-Penalty and PPO-Clip [23].

A way to avoid the problem of estimating the quality of
a given policy based on the one tried is to approximate
the action-value function instead of estimating the value
function. Algorithms based on this approach are Deep Q-
Network (DQN) [24], Deep Deterministic Policy Gradient
(DDPG) [25], and Soft Actor-Critic (SAC) [26]. In the original
version of DDPG time-correlated OU noise was added to the
action. However, this algorithm was not adapted to this fact
in any specific way. SAC uses white noise in actions and
it is considered one of the most efficient in this family of
algorithms.

IV. POLICY WITH AUTOCORRELATED ACTIONS

In this section, we introduce a framework for reinforcement
learning where subsequent actions are stochastically dependent
beyond state transition. We also design tools for the analysis
of such a policy.

Let an action, a;, be designated as

1)

where 7 is a deterministic transformation, s; is a current state,
6 is a vector of trained parameters, and ()72, is a stochastic
process with values in R, We require this process to have the
following properties:

ay = m(st,&1;0),

« Stationarity: The marginal distribution of &; is the same
for each t¢.

o Zero mean: E¢; = 0 for each t.

Autocorrelation decreasing with growing lag:

Bele > BElei o > 0 for k > 0.

@)

Essentially that means that values of the process are close
to each other when they are in close time instants.

« Markov property: For any ¢ and k,! > 0, the conditional
distributions

(&t s Eerléi—ts - -

c&im1-) and (&hsnns Gernl€i1)
(3)
are the same. In words, dependence of future values of
the process, &1x,k > 0, on its past is entirely carried
over by &_1.

Consequently, if only 7 (1) is continuous for all its argu-
ments, and subsequent states s, are close to each other, then
the corresponding actions are close too, even though they are
random. Because they are close, they are feasible in physical
systems. Because they are random, they create a consistent
distributed-in-time experiment that can give a clue to policy
improvement.

Below we analyze an example of (£;) that meets the above
requirements.

A
&
2 o &
A A
1 . = A
A
A AL A0 % .4 e ,
0 & 2 opa®% e
s a A 4 JMaale e
n 4 A 4 ': Ay
-1 2 a A ™ A e e
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g o 4 o.”.° A
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Fig. 1. Realization of the normal white noise (e¢), and the auto-regressive

process (&¢) (4).

a) Example: Auto-Regressive (£;): Let o € [0,1) and
@ ~N(0,0), t=12,...

Si=a
& =abo1+V1—a2e,

Fig. 1 demonstrates a realization of both the white noise (¢;)
and (&). Let us analyze if (&) has the required properties.
Their derivations can be found in Appendix A.

Both ¢; and & have the same marginal distribution N (0, C).
Therefore, (&) is stationary and zero-mean. Applying induc-
tion to (4) one obtains

4)
t=23,...

E&el . = o¥C and EET €4 = oFlr(C)

for any ¢, k. Therefore, (&) is autocorrelated, and this autocor-
relation decreases with growing lag. Consequently, the values
of & are closer to one another for subsequent ¢ than the values
of €, namely

Elle; — €z—1H2 = FE(e — Cf,—l)T(Ei —€—1) = 2tr(C)
T
Bl - &1l = B ((a=Dg-1 + V1 - %)
x (@ = 1)1 +v1-a%)

= (o —1)*ur(C) + (1 — a*)tr(0)
=(1—a)2tu(C).

The Markov property of (£;) directly results from how & (4)
is computed.

In fact, marginal distributions of the process (&;), as well as
its conditional distributions, are normal, and their parameters
have compact forms. Let us denote

&=l el ®)
The distribution of & is normal
N(0,97), (6)

where Qf (21) is a matljx dependent on n, «, and C. The
conditional distribution (£}'|€;—1) is also normal,

N(B"&-1,7), (M
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where both B™ (24) and 2} (25) are matrices dependent on
n, o, and C.

b) Noise-value function: In policy (1) there is a stochas-
tic dependence between actions beyond the dependence re-
sulting from the state transition. Therefore, the traditional
understanding of policy as distribution of actions conditioned
on state does not hold here. Each action depends on the
current state, but also previous states and actions. Analytical
usefulness of the traditional value function and action-value
function is thus limited.

Our objective now is to define an analytical tool in the form
of a function that satisfies the following:

R1. A hard requirement: The function designates an expected
value of future discounted rewards based on entities that
this expected value is conditioned on.

R2. An efficiency requirement: A small change of policy
corresponds to a small change of this function. While
this is not necessary, it facilitates concurrent learning of
the policy and this function approximation.

In order to meet the above requirements we introduce

an adjusted noise, (u:);2,, as follows. u; and & belong to
the same space RY. Let

f(50,5) @®)

be a bijective function in R? parameterized by 6 and state. We
have

§i—1 =f(ut—150, 5¢)

9
w1 =1 (&-150, 5¢). @

Formally, we can apply f to convert &_; to u;—; and back
whenever necessary.

As an analytical tool satisfying the aforementioned hard
requirement R1, we propose the noise-value function defined
as

W™ (u,s) = Er Z"/iTHJ
i>0

&1 = f(u;0,5),8 = s

(10)
The course of events starting in time ¢ depends on the current
state s; and the value u,_;. Because of the Markov property
of (&) (3) and the direct equivalence between &1 and u¢_1,
the pair (u;_1, s;) is a proper condition for the expected value
of future rewards.

To satisfy the aforementioned efficiency requirement R2,
we design the f function (8) based on . It should make
the distribution of an initial part of the action trajectory
(at,...) similar for given (u;_1, s¢), regardless of the policy
parameter 6. Therefore, when 6 changes due to learning,
the arguments of the W™ function (10) still define similar
circumstances in which the rewards start being collected. This
prevents large changes in the shape of W™. An example of
an appropriate f function is provided below in (18).

We can consider the pair (u;_1,s;) a state of an extended
MDP. Therefore, the noise-value function has all the properties

of the ordinary value function. In particular, we consider n-
step look-ahead equation in the form

W (w1, 50)

an

n—1
:E7r< Z’Yirt+i+’Y"VV7r(f(ff,+n—1§ 0, St4n), St4n)|Ut—1, Si>~
i=0

It says that the noise-value function is the expected sum
of several first rewards, and that the rest of them are also
designated by the noise-value function itself.

The algorithm introduced below manipulates the policy m
(1) to make n-step sequences of registered actions more or
less likely in the future. Let us consider

5 = [8?7 ceey 5;+n—1]T

7?’ = [(L’LT7 (RRS] az+rz—1]T7
and
w(ay sy, &-150)

being a probability density of the action sequence a;' condi-
tioned on the sequence of visited states 57, the preceding noise
value &;_1, and the policy parameter . This density is defined
by 7, and the conditional probability distribution g’mgH. The
algorithm defined in the next section updates 6 to manipulate
the above distribution.

¢) The neural-AR policy: A simple and practical way to
implement 7 (1) is as follows. A feedforward neural network,

12)

A(s; 0), 13)
has input s and weights 6. An action is designated as
ap =m(se,&:0) = A(s30) + &, 14

for & in the form (4). Let us analyze the distribution 7 (12).
In this order the density of the normal distribution with mean
v and covariance matrix 2 will be denoted by

(51, 9). 15)

Let us also denote

A(10) = [A(s;; 07, .., Alseen—1;0)T]T. (16)

It can be seen that the distribution (a}'|57,&;—1) is normal,
namely N(A(S);0) + B"&—1,07), (see (6) and (7)). There-
fore,

7(ay|57,§e-150) = (@7’ A(5750) + B &1, ).

What is of paramount importance is the log-density gradient
Vg In7. For 7 defined as (14) it may be expressed as

Volnm(ay|sy, &—1;0) a7
= Vo A(5,:0)(Q) (@} — B &1 — A(5756)).
The f function (8) may have the form
iy = [T (G130, 80) = A(s1:0) + 0y as)

&1 = flu-130,8¢) = & M (w1 — A(s4;0)).

Then wu;_; is the expected value of a; given 6, s, and & _;.
Consequently, this definition of f delimits differences between
noise-value functions of different policies. This is because
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WT™(u,s) means for any policy the expected sum of future
rewards received starting from the same point, which is the
current state equal to s and the expected action equal to u.
Therefore, if W™ is accurately approximated for a current
policy and this policy is updated, the approximation of W™
needs only limited adjustment.

V. ACERAC: ACTOR-CRITIC WITH EXPERIENCE REPLAY
AND AUTOCORRELATED ACTIONS
The RL algorithm presented in this section has an actor-
critic structure. It optimizes a policy of the form (1) and uses
the critic,
W (u, 5;0),

which is an approximator of the noise-value function (10)
parametrized by the vector v. The critic is trained to approx-
imately satisfy (11).

A constant parameter of the algorithm is natural n.
It denotes the length of action sequences whose prob-
abilities the algorithm adjusts. For each time instant of
the agent-environment interaction, the policy (1) is applied.
Also, data is registered that enables recall of the tuple
(sp,ay, 7y, Ty, St4n), Where 730 = 7(alt|57, &—1;0).

The general goal of policy training in ACERAC is to
maximize W7 (u;_1,s;) for each state s; registered during
the agent-environment interaction. In this order previous time
instants are sampled, and sequences of actions that followed
these instants are made more or less probable depending
on their return. More specifically, j is sampled from {t —
M,...,t —n}, where M is a memory buffer length, and 0
is adjusted along with a policy gradient estimate, which is
derived in B. In other words, the conditional density of the
sequence of actions a7 is being increased/decreased depending
on the return

i Y e Y W (W1, Sjni )

this sequence of actions yields.

A. Actor & Critic training

At each t-th instant of agent—environment interaction expe-
rience replay is repeated several times in the form presented
in Algorithm 1 to calculate actor and critic weight updates.

In Line 2, the algorithm selects an experienced event to
replay with the starting time index j. In the following lines
the vectors of states 57 = [s7,...,s7,,, ] and actions a}} =
[a],...,a]\, ;)7 are considered.

In Lines 3-4 X;_; and X, _; are appointed to be values
of the noise with which the current policy would designate the
past actions. Then, in Lines 5-6, the corresponding adjusted
noise values u;_1 and uj;,_ values are calculated.

In Line 7 a temporal difference is computed. It determines
the relative quality of a;'.

In Line 8 a softly truncated density ratio is computed. The
density ratio implements two ideas. Firstly, 6 is changing due
to being optimized, thus the conditional distribution (a@'|£;_1)
is now different than it was at the time when the actions
_n . . w(alsT X s
a; were executed. The density ratio ——L7——— accounts

Algorithm 1 Calculating weights update from a single trajec-
tory in Actor-Critic with Experience Replay and Autocorre-
lated aCtions, ACERAC

1: ACTOR_AND_CRITIC_UPDATES()

2 select randomly j €t —m...t —n

3: Xj,1 <—E[fj,1|...ijl,ajfl,...;e]

4: Xj+n—1 (—E[§j+n_1‘...Sj+n_1,aj+n_1,...;0]

5 uj_1 < A(sj;0) +aX,

6 Ujyn—1 ¢ A(Sj4ni0) + aXjing

1 dOw) =14

+Y" W (Ujpn—1, Sj4n; V) — Wluj_1,s55v)

w(ar |7, X;_1;0)

8: pj Py (— L

o A Volnr(als?, X, 10 0)d1(0,v)p;
Y VoW (Ujn-1(0), $j+05V)p;
—VoL(s;,0)

10 Av =V, W(u;-1(0), s;;v)d} (0,v)p;(0)

11: return A6, Av

for this discrepancy of distributions. Secondly, to limit the
variance of the density ratio, the soft-truncating function
is applied. E.g.,

Yp(x) = btanh(z/b), (19)

for a certain b > 1. In the ACER algorithm [19], the hard trun-
cation function, min{-, b} is used for the same purpose which
is limiting density ratios necessary in designating updates due
to action distribution discrepancies. However, soft-truncating
distinguishes the magnitude of density ratio and works slightly
better than hard truncation.

In Line 9 an improvement direction for actor is com-
puted. The sum of Vg In7(a?|s}, X;-1;0)d} (0,v)p;(0) and
V" VoW (Uj1n—1(0), Sj4n;V)p; is an improvement direction
estimate of W™ (uj_1,s;) derived in Appendix B. It is de-
signed to increase/decrease the likelihood of occurrence of
the sequence of actions @} proportionally to d!*(,v). L(s, )
is a loss function that penalizes the actor for producing
actions that do not satisfy constraints, e.g., they exceed their
boundaries.

In Line 10 an improvement direction for critic, Av, is
computed. It is designed to make W (-, ;) approximate the
noise-value function (10) better.

In Line 7 the improvement directions Af and Av are
applied to update 6 and v, respectively, with the use of either
ADAM, SGD, or another method of stochastic optimization.

Implementation details of the algorithm using the neural-AR
policy (14) are presented in (17) and Appendix A.

VI. EMPIRICAL STUDY

This section presents simulations whose purpose was to
compare the algorithm introduced in Sec. V to state-of-the-
art reinforcement learning methods. We compared the new
algorithm to Actor-Critic with Experience Replay (ACER)
[19], Proximal Policy Optimization (PPO) [23], Soft Actor-
Critic (SAC) [26] and Continuous Deep Advantage Updating
(CDAU) [13]. We used the RLIib implementation [27] of
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Fig. 2. Environments used in simulations: Ant (a), HalfCheetah (b), Hopper
(c), Walker2D (d).

SAC and PPO, and implementation of CDAU published by
its authors !. Our experimental software is available online.?

For the comparison of the RL algorithms to be the most in-
formative we chose four challenging tasks inspired by robotics.
They were Ant, Hopper, HalfCheetah, and Walker2D (see
Fig. 2) from the PyBullet physics simulator [28]. A simulator
that is more popular in the RL community is MuJoCo [29].3
Hyperparameters that assure optimal performance of ACER,
SAC, and PPO applied to the environments considered in
MuJoCo are well known. However, PyBullet environments
introduce several changes to MuJoCo tasks, which make them
more realistic and thus more difficult. Additionally, physics in
MuJoCo and PyBullets differ slightly [30], hence we needed
to tune the hyperparameters.

We do not limit the experiments only to the original
environments. We also use modified ones with 3 and 10 times
finer time discretization. This is to verify how the algorithms
work in these circumstances.

We used actor and critic structures as described in [26] for
each learning algorithm. That is, both structures had the form
of neural networks with two hidden layers of 256 units each.

A. Experimental setting

Each learning run with basic time discretization lasted for 3
million timesteps. Every 30000 timesteps of training a simu-
lation was made with frozen weights and without exploration
for 5 test episodes. An average sum of rewards within a test
episode was registered. Each run was repeated 5 times.

In experiments with, respectively, 3 and 10 times finer time
discretization, the number of timesteps for a run and between

Uhttps:/github.com/ctallec/continuous-rl

Zhttps://github.com/lychanl/acerac

3We chose PyBullet because it is freeware, while MuJoCo is commercial
software.

tests was increased, respectively, 3 and 10 times. Also, to
keep the scale of the sum of discounted rewards, the discount
parameter was increased from 0.99 to, respectively, 0.99/3
and 0.99/1°, and the rewards were decreased, respectively, 3
and 10 times. The number of model updates was kept constant
for different discretization. The data buffer was increased 3
and 10 times, respectively. In ACERAC, the n coefficient was
increased 3 and 10 times, respectively and in ACER the A
parameter was increased to \'/3 and A'/19, respectively.

For each environment-algorithm-discretization triple hyper-
parameters such as step-sizes were optimized to yield the
highest ultimate average rewards. The values of these hyper-
parameters are reported in Appendix C.

B. Results

Figures 3, 4, 5, respectively, present learning curves for
all four environments and all four compared algorithms. The
figures are for, respectively, the original, 3 times, and 10 times
finer time discretization. Each graph shows how a sum of
rewards, in test episodes evolves in the course of learning.
Solid lines represent the average sums of rewards and shaded
areas represent their standard deviations.

Fig. 3 presents learning curves for the original discretiza-
tion. It can be seen that for Ant the algorithm that achieved the
best performance was ACERAC, then SAC and ACER, then
PPO and CDAU. For HalfCHeetah, the best performance was
achieved by ACERAC, then ACER, SAC, PPO and CDAU.
For Hopper all the algorithms achieved similar performances
with the exception of CDAU which performed noticeably
worse. Finally, for Walker2D, the algorithm that won was
ACERAC, then PPO, SAC, ACER and CDAU.

Fig. 4 presents learning curves for time discretization three
times finer than the original. It can be seen that for Ant the
algorithms that achieved the best performance were ACERAC
and ACER, then PPO, SAC and CDAU. For HalfCHeetah,
the best performance was achieved by ACERAC, then SAC,
ACER, CDAU and PPO. For Hopper the algorithm that won
was ACER, which was slightly better than ACERAC, then
SAC, CDAU and PPO. Finally, for Walker2D, SAC achieved
the best performance, then ex equo ACERAC, ACER and PPO,
and then CDAU.

Fig. 5 presented learning curves for time discretization ten
times finer than the original. It can be seen that for Ant
the algorithm that achieved the best performance was ACER,
slightly before ACERAC, then CDAU, PPO and SAC. For
HalfCHeetah, the best performance was achieved by ACERAC
and ACER, then CDAU, PPO and SAC ex equo. For Hopper
the algorithm that won was ACERAC, with the rest of algo-
rithms performing poorly. Finally, for Walker2D, ACERAC
achieved the best performance, then ACER, and then CDAU,
PPO and SAC ex equo.

A curious result of our experiments was the extraordinarily
high rewards obtained in some experiments with time dis-
cretization 10 times finer than the original. Namely, ACER
and ACERAC obtained such results for Ant, and ACERAC for
Hopper and Walker2D. Apparently, these environments require
fast intervention of control and no algorithm is able to learn
it at coarser time discretization.

50




AntBulletEnv-vO ts 1

—— ACERAC
30007 acer
2500 —— CPAU

£ — PPO
E 2000 1 —— SAC
QL
£ 1500 {
@
Z 1000
500
0_

00 05 10 15 20 25 30
Million timesteps

(a)
HopperBulletEnv-vO ts 1
30001 acerac
2500 — ACER
—— CDAU
E 20004 — PPO
I —FBAC
@ 1500 1 W
©
[
2 10001
500
0

00 05 10 15 20 25 30
Million timesteps

(©

HalfCheetahBulletEnv-vO ts 1

30004 —— ACERAC
AR LSS

2000  —— CPAU
E — PPO
2
[
o
@
w 0_
E

~1000 1

00 05 10 15 20 25 30
Million timesteps
(b)
Walker2DBulletEnv-v0 ts 1
25001 . acerac
ACER

2000 {
£
2 15001
@
@
& 1000
2
<

500

0_

00 05 10 15 20 25 30
Million timesteps

(d)

Fig. 3. Learning curves for the original time discretization: Average sums of rewards in test trials. Environments: Ant (a), HalfCheetah (b), Hopper (c) and

Walker2D (d).

It can also be seen that for most discretizations and problems
ACERAC obtained relatively good results in the initial training
steps, which is a desirable feature in robotic control [31].

C. Discussion

The performance of the algorithms in our experiments with
fine time discretization can be attributed to two features. The
first is whether they use 1-step returns (SAC and CDAU) or
n-step returns (PPO, ACER, and ACERAC). For fine enough
time discretization and large enough discount parameter, the 1-
step returns failed due to the limited accuracy of the critic. This
explains the poor performance of SAC and CDAU, depicted in
Fig. 5. ACERAC, ACER, and PPO used n-step returns. Thus,
the critic inaccuracy did not harm these algorithms, and their
performance in fine time discretization was better.

The second factor is autocorrelated actions. ACERAC and
CDAU use them, but only ACERAC utilize their properties.
Other considered algorithms do not use them. It can be seen in
Figures 3-5 that ACERAC achieved the best performance for 8
discretization-environment pairs out of 12. The autocorrelated
actions seem to be an efficient way to organize exploration,

better than actions without any stochastic dependence beyond
state transition. However, a policy with autocorrelated actions
requires specialized training, which is provided in ACERAC.

Even though CDAU was designed in [13] to assure efficient
RL in fine time discretization, that algorithm yielded poor
performance in our experiments. However, it was presented as
an extension of a method, DAU, for discrete actions, and no
experimental material on CDAU was presented in the original

paper.

VII. CONCLUSIONS AND FUTURE WORK

In this paper, a framework has been introduced for the
application of reinforcement learning to policies that admit
stochastic dependence between subsequent actions beyond
state transition. This dependence is a tool that enables re-
inforcement learning in physical systems and fine time dis-
cretization. It can also yield better exploration and therefore
faster learning.

An algorithm based on this framework, Actor-Critic with
Experience Replay and Autocorrelated aCtions (ACERAC),
was introduced. Its efficiency was verified by simulations of
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Fig. 4. Learning curves for time discretization 3 times finer than the original: Average sums of rewards in test trials. Environments: Ant (a), HalfCheetah (b),

Hopper (c) and Walker2D (d).

four learning control problems, namely, Ant, HalfCheetah,
Hopper, and Walker2D, at diverse time discretization. The
algorithm was compared with CDAU, PPO, SAC, and ACER.
ACERAC exhibited the best performance in 8 out of 12
discretization-environment pairs.

It would be desirable to combine the framework proposed
here with adapting the amount of randomness in actions by
introducing reward for the entropy of their distribution, as is
done in PPO. Also, the framework proposed here has been
specially designed for applications in robotics. An obvious
next step in our research would be to apply it in this area,
which is more demanding than simulations.
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APPENDIX

A. Properties of Auto-Regressive process and the policy based
on it

In this section the key properties of the process (&) (4) are
derived.

a) Stationary distribution of £;: From (4) one can see
that if for a certain ¢ it is true that &_1 ~ N (0, C), then also
& ~ N(0,C). By induction this leads us to the conclusion
that & ~ N(0,C) for all ¢.

b) Stationary distribution of £': Applying induction to
(4) for k > 0 one obtains that

k-1
Gpr = 0FE +V1— a2 alerpii 20)
=0
Consequently,
E&el = a0 and BEl ¢, = o*lir(C)
Therefore,
& =&l €l ~ N, 07)
W=A0C, Ay =[], 0<Lk<n (@D

The symbol “®” denotes Kronecker product of two matrices.
We have
Ageo) =0y tec 2)
¢) Conditional distribution &'|€,_;: From (20) we have
that

E(&rrl€—1) = oF g,

and for 0 < k <[ we have

cov(&rrr, Eeaaléi—1)

k I
- F <\/1 — QZZak716L+i) V1 7(122(1[7%”]'
i=0 j=0

T

=(1-a)aF(1+a?+---+a)C

— ok (1 _ a2k+2) C.

Therefore, the conditional distribution £'|¢&;_; takes the form

&'l€-1 ~ N(B"&-1,97) 23)
B"=lal,...,a™" (24)

Q= AP C, A} = [all7F — o RF2) 0 < Lk < .
(25)

10

d) Distribution of actions’ trajectory: For
a; = A(s4;0)+& and n > 0 we have a} = A(57;0)+&p". The
distribution of the actions that initiate a trial, 7(aj'|5},0;6),
is thus normal N(A(5};0),Qy). The distribution of
further actions 7(a}|s},&—1;60) is also normal, namely
N(A(S2:0) + B 61, 25).

e) Retrieving &_1 and uy_q from past actions: For
Auto-Regressive processes the values of ;1 and u;—; may
be calculated from actions and actor’s outputs as

1= a1 — A(s-1;0) (26)
w1 = A(s;0) + a1 (27
= A(s;0) + aag—1 — A(s¢-1;0)). (28)

If ¢ is an initial instance of a trial, the conditional expected
values of &_; and w;—; are calculated from A(s;;6) and ay,
namely

&1 =a " ar — A(s30))
up—1 = A(s;0) + abs—1 = ay.

29
(30)

B. Policy gradient estimator derivation

In this section we derive a policy gradient estimator, which
is an estimator of a gradient of

n—1
Ex (Z Vi F VW (Wn-1(0), 85400) |61, Sj)

i=0

with respect to the current polity parameter #, for constant
&1 =6&-1(0).

Let us denote by A the action space, by 6 the current policy
parameter, by 7 the current policy, by 6; the policy parameter
used when a; was selected, by 7(6;) the policy used then,
and the density ratio by

w0157, &1:0)
pi(0) = ==
J
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We have

d n—1 i . N
WEW(9) Z Vi + VW (Un—1(0), 854n) (651, 5

i=0
d n—1 )
=T / 2% Vi VW (Ujgn-1(0), 5j4n)
1=
x 7
n—1
- / : Z Y1jri + YV W (Ujn—1(0), 5j4n)
i=0

x Vom(a}|st,€_y; 0)dal

e /A VW™ (g4 1(6), 5 40)7(a

5,&1:0)da)

n—1

= / Z 'ViTjJri + "W (U4 n—1(0), j4n)

i=0
Vor(a|s). & 1:0)

w7157, 651:0)

VoW (wjn—1(0), 5540)p;(0) 77 da}
A'n

pi(0)77day

n—1

Z Y7 + "W (U0 1(0)s 554n)
=0
585-130)

x Vg ln 7?(1’17
+ VW™ (Ujyn—1(0),854n) | pj(0)

The analytical property
E,,(,g]) {Vg In fr(ﬁ?|§?, f;,l; e)pj (9)} =0

allows us to subtract any constant baseline from the sum of
rewards above. Consequently, an unbiased estimator of the
policy gradient may take the form

n—1

> Vit W (s 1(0), 8540) — W (€1, 85-15)

i=0

x Volnn(aj|s}, & 1;0) 31)
T VoW (Ujyn-1(0), 5j4n) | £;(0).

The above estimator is not feasible. Firstly, it is based on
the noise-value function, which is unknown. Also, it uses
the density ratio, which could make its variance excessive.
In the feasible version of the above estimator, we use the
approximator of the noise-value function, and the density ratio
is softly truncated from above.

C. Algorithms’ hyperparameters

This section presents hyperparameters used in the simula-
tions described in Sec. VI. For the original time discretization
all algorithms used a discount factor equal to 0.99. The rest
of the hyperparameters for ACERAC, ACER, SAC, PPO, and
CDAU, are depicted in Tab. I, II, III, IV, and V, respectively.

TABLE I
ACERAC HYPERPARAMETERS. d DENOTES DISCRETIZATION INCREASE
(1,3,0R 10).
Parameter Value
Action std. dev. 0.3
a 0.5¢7"
Critic step-size 104
Actor step-size 10~°
n d-2
b 2
Memory size d- 108
Minibatch size 256
Target update interval d
Gradient steps 1
Learning start d- 103

TABLE II
ACER HYPERPARAMETERS. d DENOTES DISCRETIZATION INCREASE (1, 3,
OR 10). FOR ENVIRONMENT- AND DISCRETIZATION-SPECIFIC
HYPERPARAMETERS, SEE TAB. VI

Parameter Value
Action std. dev. 0.3
2 1 17;).9
b 2
Memory size d-10°
Minibatch size 256
Target update interval d
Gradient steps 1
Learning start d-10°

TABLE IIT
SAC GENERAL HYPERPARAMETERS. d DENOTES DISCRETIZATION
INCREASE (1, 3, OR 10). FOR ENVIRONMENT- AND
DISCRETIZATION-SPECIFIC HYPERPARAMETERS SEE TAB. VII

Parameter Value
Replay buffer size d-10°
Minibatch size 256
Target smoothing coef. 7 0.005
Target update interval d
Gradient steps 1
Learning start d- 104

TABLE IV
PPO HYPERPARAMETERS. d DENOTES DISCRETIZATION INCREASE (1, 3,
OR 10). FOR ENVIRONMENT- AND DISCRETIZATION-SPECIFIC
HYPERPARAMETERS, SEE TAB. VIII

Parameter Value
GAE parameter (\) 0.95
Minibatch size 64
Horizon d - 2048
Number of epochs 10
Value function clipping coef. 10
Target KL 0.01
TABLE V
CDAU HYPERPARAMETERS. d DENOTES DISCRETIZATION INCREASE (1,
3, OR 10).
Parameter Value
dt 0.3
Step-size for HalfCheetah and Ant 0.01
Step-size for Hopper and Walker2D 0.003
(4 7.5
o 1.5
Memory size d-10°
Minibatch size 256
Gradient steps 1
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TABLE VI
ACER STEP-SIZES

Parameter Value
Discretization increase 1 3 10
Actor step-size for HalfCheetah env. | 107> | 3100 10°°
Actor step-size for Ant env. 105 10-° 3.10-¢
Actor step-size for Hopper env. 107% | 3-107°% | 3-107°
Actor step-size for Walker2D env. 10-° 10-6
Critic step-size for HalfCheetah env. | 1075 | 3-107° 105
Critic step-size for Ant env. 1075 | 3.107° 10~4
Critic step-size for Hopper env. 1075 | 3-107° 105
Critic step-size for Walker2D env. 107° | 3-107° 107°
TABLE VII
SAC REWARD SCALING.
Parameter Value
Discretization increase 3 10
Reward scaling for HalfCheetah env. | 0.1 10 300
Reward scaling for Ant env. 100 | 3000
Reward scaling for Hopper env. 0.03 10 3
Reward scaling for Walker2D env. 30 3 3
TABLE VIII
PPO STEP-SIZES AND CLIP PARAMS.
Parameter Value
Discretization increase 1 3 10
Step-size for HalfCheetah env. | 3-10—% 10-% 10—
Step-size for Ant env. 3-107% | 3-107° | 107°
Step-size for Hopper env. 3-107%4 | 3.107* | 107°
Step-size for Walker2D env. 3-107% | 3-107* | 10°°
Clip param for HalfCheetah env. 0.2 0.3 0.1
Clip param for Ant env. 0.2 0.2 0.1
Clip param for Hopper env. 0.2 0.2 0.3
Clip param for Walker2D env. 0.2 0.2 0.3
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Abstract. The subject of this paper is reinforcement learning. Poli-
cies are considered here that produce actions based on states and ran-
dom elements autocorrelated in subsequent time instants. Consequently,
an agent learns from experiments that are distributed over time and
potentially give better clues to policy improvement. Also, physical im-
plementation of such policies, e.g. in robotics, is less problematic, as it
avoids making robots shake. This is in opposition to most RL algorithms
which add white noise to control causing unwanted shaking of the robots.
An algorithm is introduced here that approximately optimizes the afore-
mentioned policy. Its efficiency is verified for four simulated learning con-
trol problems (Ant, HalfCheetah, Hopper, and Walker2D) against three
other methods (PPO, SAC, ACER). The algorithm outperforms others
in three of these problems.

Keywords: Reinforcement learning - Actor-Critic - Experience replay -
Fine time discretization.

1 Introduction

The usual goal of Reinforcement Learning (RL) to optimize a policy that samples
an action on the basis of a current state of a learning agent. The only stochastic
dependence between subsequent actions is through state transition: The action
moves the agent to another state which determines the distribution of another
action. Main analytical tools in RL are based on this lack of other dependence
between actions. E.g., for a given policy, its value function expresses the expected
sum of discounted rewards the agent may expect starting from a given state.
The sum of rewards does not depend on actions taken before the given state was
reached. Hence, only the given state and the policy matter.

Lack of dependence between actions beyond state transition leads to several
difficulties. In physical implementation of RL, e.g. in robotics, it usually means
that white noise is added to control actions. However, that makes control discon-
tinuous and rapidly changing all the time. This is often impossible to implement
since electric motors that are to execute these actions can not operate this way.
Even if it is possible, it requires a lot of energy, makes the controlled system
shake, and exposes it to damages.
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It is also questionable if the lack of dependence between actions beyond
state transition does not reduce efficiency of learning. Each action is an ex-
periment that leads to policy improvement. However, due to limited accuracy
of (action-)value function approximation, consequences of a single action may
be difficult to recognize. The finer the time discretization, the more serious this
problem becomes. Consequences of a random experiment distributed over several
time instants could be more tangible thus easier to recognize.

The contribution of this paper may be summarized in the following points:

— A framework is introduced in which a policy produces actions on the basis
of states and values of a stochastic process. That enables relation between
actions that is beyond state transition.

— An algorithm is introduced that approximately optimizes the aforementioned
policy.

— The above algorithm is tested on four benchmark learning control problems:
Ant, Half-Cheetah, Hopper, and Walker2D.

The rest of the paper is organized as follows. Section 2 overviews related
literature. Sec. 3 introduces a policy that produces autocorrelated actions along
with tools for its analysis. Sec. 4 introduces an algorithm that approximately
optimizes that policy. Sec. 5 presents simulations that compare the presented
algorithm with state-of-the-art reinforcement learning methods. The last section
concludes the paper.

2 Related Work

2.1 Stochastic dependence between actions

The idea of introducing stochastic dependence between actions was analyzed
in [16] as a remedy to problems with application of RL in fine time discretiza-
tion. The control process was divided there into “non-Markov periods” in which
actions were stochastically dependent. A policy with autocorrelated actions was
analyzed in [18] with a standard RL algorithm applied to its optimization that
did not account for the dependence of actions.

In [5] a policy was analyzed whose parameters were incremented by the au-
toregressive stochastic process. Essentially, this resulted in autocorrelated ran-
dom components of actions. In [8] a policy was analyzed that produced an action
being a sum of the autoregressive noise and a deterministic function of state.
However, no learning algorithm was presented in this paper that accounted for
specific properties of this policy.

2.2 Reinforcement learning with experience replay

The Actor-Critic architecture of reinforcement learning was introduced in [1].
Approximators were applied to this structure for the first time in [7]. In order to
boost efficiency of these algorithms, they were combined with experience replay
for the first time in [17].
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Application of experience replay to Actor-Critic encounters the following
problem. The learning algorithm needs to estimate quality of a given policy on
the basis of consequences of actions that were registered when a different policy
was in use. Importance sampling estimators are designed to do that, but they
can have arbitrarily large variance. In [17] that problem was addressed with
truncating density ratios present in those estimators. In [15] specific correction
terms were introduced for that purpose.

Another approach to the aforementioned problem is to prevent the algorithm
from inducing a policy that differs too much from the one tried. That idea was
first applied in Conservative Policy Iteration [6]. It was further extended in
Trust Region Policy Optimization [12]. This algorithm optimizes a policy with
the constraint that the Kullback-Leibler divergence between that policy and the
tried one should not exceed a given threshold. The K-L divergence becomes
an additive penalty in Proximal Policy Optimization algorithms, namely PPO-
Penalty and PPO-Clip [13].

A way to avoid the problem of estimating quality of a given policy on the
basis of the tried one is to approximate the action-value function instead of
estimating the value function. Algorithms based on this approach are Deep Q-
Network (DQN) [11], Deep Deterministic Policy Gradient (DDPG) [10], and Soft
Actor-Critic (SAC) [4]. In the original version of DDPG the time-correlated OU
noise was added to action. However, this algorithm was not adapted to this fact
in any specific way. SAC uses white noise in actions and it is considered one of
the most efficient in this family of algorithms.

3 Policy with autocorrelated actions

Let an action, a;, be computed as
ay = 7(st,&30) 1)

where 7 is a deterministic transformation, s; is a current state, 6 is a vector of
trained parameters, and (&,t = 1,2,...) is a stochastic process. We require this
process to have the following properties:

— Stationarity: The distribution of §; is the same for each t¢.
— Zero mean: E¢& = 0 for each ¢.
— Autocorrelation decreasing with growing lag:

Eele > E€Fe i > 0for k> 0. (2)

Essentially that means that values of the process are close to each other
when they are in close time instants.
— Markov property: For any ¢t and k,[ > 0, the conditional distributions

&t earlbes o &) and (&, Ganl€in) (3)

are the same. In words, dependence of future values of (&) on its past is
entirely carried over by & _1.

60




4 M. Szulc, J. Lyskawa, P. Wawrzyriski

Consequently, if only 7 (1) is continuous for all its arguments, and subse-
quent states s; are close to each other, then the corresponding actions are close,
although random. In words, they create a consistent, distributed in time exper-
iment that can lead to policy improvement.

Ezample: Auto-Regressive (&). Let

3
a€[0,1) and s oe ‘
2] e &
e ~N(0,C), t=1,2,... N L Ll
Ss=6 oo A..o...-A % 4
o A ot % o
T Y
& =ab 1+ V1-aZe, i:2137(;1-)- -1 .g‘..AA‘A et -f:c e
CJ A
-2 2 '.A 4 ..o 2°
® A
Fig. 1 demonstrates a realization of — _, v
both the white noise (e;) and (&). 0 10 20 30 40 50
Let us analyze if (&) has the required L .
properties. Fig. 1: A realization of the normal white

Both ¢ and & have the same dis- noise (€), and the auto-regressive pro-

tribution N(0,C). Therefore (&) is ©e55 (&) (4).
stationary and zero-mean. A simple
derivation reveals that

EBeel = a0 and Eel¢ = o*ltr(C)

for any t, k. Therefore, (&) is autocorrelated, and this autocorrelation decreases
with growing lag. Consequently, the values of & are closer to one another for
subsequent ¢ than the values of €;, namely

Elle, — er_1||> = E(e; — e0-1) (e, — e4-1) = 2tr(C)

T
Blg —&l*=E ((&—1)5171 +V1- a%) ((a D&+ VI1- azq)
= (a—1)%tr(C) + (1 — )tr(C) = (1 — a)2tr(C).
The Markov property of (&) directly results from how & (4) is computed.
In fact, marginal distributions of the process (&), as well as its conditional
marginal distributions are normal, and their parameters have compact forms.

We shall not present derivations of these parameters due to lack of space, but
we shall denote them for further use. Namely, let as consider

&= &l (5)
The distribution of £/ is normal
N(0, £25), (6)

where (2 is a matrix dependent on n, o, and C. The conditional distribution
(&|&—1) is also normal,
N(B"&-1,82)), )

where both B™ and (27 are matrices dependent on n, a, and C.
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The neural-normal policy. A simple and practical way to implement 7 (1) is as
follows. A feedforward neural network,

A(s;0), (8)
has input s and weights 6. An action is computed as
ay = m(s4,64;0) = A(s4;0) + &, (9)

for & in the form (4). While the discussion below can be extended to the general
formulation (1), in order to make it simpler we will further assume that a policy
is of the form (9).

Let us consider

5= (5T )T
ap =lal,....al )"

A(5750) = [A(s:0)7, ., Alstan—1:0)]",

i

T
t o

and fixed 0. With (9) the distributions (a}’|s}") and (a}'|5}", &—1) are both normal,
namely N(A(5;0),27), and N(A(5%;60) + B"&_1, 27), respectively (see (6)
and (7)). The algorithm defined in the next section updates 6 to manipulate
the above distributions. Density of the normal distribution with mean p and
covariance matrix {2 will be denoted by

(31, 02). (10)

Noise-value function. In policy (1) there is a stochastic dependence between
actions beyond the dependence resulting from state transition. Therefore, the
traditional understanding of policy as distribution of actions conditioned on state
does not hold here. Each action depends on the current state, but also previous
states and actions. Analytical usefulness of the traditional value function and
action-value function is thus limited.

As a valid analytical tool we propose noise-value function defined as

W&, s) = Ex | D A'regi|&1=&si=5|. (11)

i>0

The course of events starting in time ¢ depends on the current state s; and the
value & _1. Because of Markov property of & (3), the pair (&—1,5s:) is a proper
condition for the expected value of future rewards.

The value function V™ : S — R is slightly redefined, namely

V™(s) = E(W(&—1,8¢)|s: = s). (12)

The random value in the above expectation is ;—; and its distribution is con-
ditional with the condition s; = s. The distribution of &_; may differ for dif-
ferent s;. However, being in the state s; and not knowing &_; the agent may
expect the sum of future rewards equal to V7™ (s;).
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4 ACERAC: Actor-Critic with Experience Replay and
Autocorrelated aCtions

The algorithm presented here has Actor-Critic structure. It optimizes a policy
of the form (9) and uses Critic,

V(siv),
which is an approximator of the value function (12) parametrized by a vector, v.

For each time instant of the agent-environment interaction the policy (9) is
applied and a tuple, (s¢, A¢, at, 74, St41), is registered, where A; = A(sy;0).

The general goal of training is to maximize W™ (§;_1,s;) for each state s;
registered during the agent-environment interaction. In this order previous time
instants are sampled, and sequences of actions that follow these instants are
made more/less probable depending on their return. More specifically, ¢ is sam-
pled from {1,...,t — 1} and the conditional density of the sequence of actions
(aiy...,aiyn—1) is being increased/decreased depending on the return

Tit o+ i1 A"V (Signi v)

this sequence of actions yields. At the same time adjustments of the same form
are performed for several sequences of actions starting from a;, namely for n =
1,...,7, where 7 € N is a parameter.

4.1 Actor & Critic training

The following procedure is repeated several times at each t-th instant of agent—
environment interaction:

1. A random ¢ is sampled from the uniform distribution over {1,...,¢t—1}.
2. If 7 is the initial instant of a trial, then consider for n =1,...,7

Hitj = E(&i+5) =0, j=0,...,n—1
Nivj = E(&ij) =0, j=0,...,n =1
-
Otherwise, consider
pirj = E(&iyjl&ic1=ai-1—Ais1), 5=0,...,n—1
Nivj = E(&irjléi1 = ai1 — A(si-130)), 5=0,...,n -1
=0

3. Consider the following vectors for n =1,...,

m=uls ]’
A [E R F Y
50 = [51T577:rn 1]Ta
af =lal,...;al, )"

Ay = (AT, AL ),
AS750) = [Alsis )T A(si4n-150) "]
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4. Temporal differences are computed forn =1,...,7

di(0,v) = (Ti o Y T i YV (Signi V) — V(si V)) X

<t (v(f’z?:,A(E?;G) + 77 QS)) (13)
Pb — = — )
play; Ay + ', 24)

where 1)y, is a soft-truncating function, e.g. ¢(z) = btanh(x/b), for a certain
b>1.

5. Actor and Critic are updated. The improvement directions for Actor and
Critic are

A0 = 23" Folnplals A3 0) + 7 ) (0,0) ~ VoL(sin6)  (14)
n=1

1 . mn
Av = ;T;VVV(si,y)di ,v), (15)

where L(s,0) is a loss function that penalizes Actor for producing actions
that do not satisfy conditions e.g., they exceed their boundaries. A6 is de-
signed do increase/decrease the likelihood of the sequence of actions a}' pro-
portionally to d}* (6, v). Av is designed to make V(- ;) approximate the value
function (12) better. The improvement directions Af and Av are applied to
update 6 and v, respectively, with the use of either ADAM, SGD, or other
method of stochastic optimization.

In Point 1 the algorithm selects an experienced event to replay. In Points 2
and 3 it determines the parameters the distribution of the sequence of subsequent
actions, af'. In Point 4 it determines the relative quality of a}'. The temporal dif-
ference (13) implements two ideas. Firstly, 6 is changing due to being optimized,
thus the conditional distribution (a}'|€;_1) is now different than it was at the
time when the actions a!' were happening. The density ratio in (13) accounts for
this discrepancy of distributions. Secondly, in order to limit variance of the den-
sity ratio, the soft-truncating function v is applied. In Point 5 the parameters
of Actor, 0, and Critic, v, are being updated.

5 Empirical study

This section presents simulations whose purpose has been to compare the algo-
rithm introduced in Sec. 4 to state-of-the-art reinforcement learning methods. We
compared the new algorithm (ACERAC) to ACER [17], SAC [4] and PPO [13].
We used the rllib implementation [9] of SAC and PPO in the simulations. Our im-
plementation of ACERAC is available at https://github.com/mszulc913/acerac.

We used four control tasks, namely Ant, Hopper, HalfCheetah, and Walker2D
(see Fig. 2) from PyBullet physics simulator [2] to compare the algorithms.
A simulator that is more popular in the RL community is MuJoCo [14].! Hyper-
parameters that assure optimal performance of ACER, SAC, and PPO applied

1 We chose PyBullet because it is a freeware, while MuJoCo is a commercial software.
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to the considered environments in MuJoCo are well known. However, PyBul-
let environments introduce several changes to MuJoCo tasks, which make them
more realistic, thus more difficult. Additionally, physics in MuJoCo and PyBul-
lets slightly differ [3], hence we needed to tune the hyperparameters. Their value
can be found in appendix A.

For each learning algorithm we used Actor and Critic structures as described
in [4]. That is, both structures had the form of neural networks with two hidden
layers of 256 units each.

Fig. 2: Environments used in simulations: Ant (left upper), HalfCheetah (right upper),
Hopper (left lower), Walker2D (right lower).

5.1 Experimental setting

Each learning run lasted for 3 million timesteps. Every 30000 timesteps of a simu-
lation was made with frozen weights and without exploration for 5 test episodes.
An average sum of rewards within a test episode was registered. Each run was
repeated 5 times.
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Fig. 3: Learning curves for Ant (left upper), HalfCheetah (right upper), Hopper (left
lower) and Walker2D (right lower) environments: Average sums of rewards in test trials.

5.2 Results

Figure 3 presents learning curves for all four environments and all four compared
algorithms. Each graph reports how a sum of rewards in test episodes evolves
within learning. Solid lines represent the average sums of rewards and shaded
areas represent their standard deviations.

It is seen that for Ant the algorithm that achieve the best performance is
ACERAC, then ACER and SAC, then PPO. For HalfCHeetah, the best per-
formance is achieved by ACERAC which is slightly better than ACER, then
SAC, then PPO. For Hopper the algorithms to win are ACERAC ex aequo with
ACER, then PPO, then SAC; actually SAC fails in this task. Eventually, for
Walker2D, PPO achieves the best performance, then ACERAC and SAC, and
then ACER.

5.3 Discussion

It is seen in Fig. 3 that ACERAC is the best performing algorithm for three en-
vironments out of four (in one ACER preforms equally well). ACERAC extends
ACER in two directions. Firstly, it admits autocrrelated actions. This enables
exploration distributed in many actions instead in one. Secondly, in order to
mimic learning with eligibility traces [7], ACER estimates improvement direc-
tions with the use of a sum whose limit is random. This increases variance of

66




10 M. Szulc, J. Lyskawa, P. Wawrzynski

these estimates. Instead, for each state ACERAC computes an improvement di-
rection as an average of increments similar to those ACER selects on random.
Hence smaller variance of improvement direction estimates in ACERAC which
enables larger step-sizes and faster learning.

It is important to note that the algorithm introduced here, ACERAC, has
been designed for fine time discretization and real life control problems. However,
here it has been tested on simulated benchmarks in which time discretization was
not particularly fine and control could be arbitrarily discontinuous. Its relatively
good performance is a desirable result. It allows to expect that this algorithm
will perform relatively even better in real life control problems. That remains to
be confirmed experimentally in further studies.

6 Conclusions and future work

In this paper a framework was introduced to apply reinforcement learning to
policies that admit stochastic dependence between subsequent actions beyond
state transition. This dependence is a tool to enable reinforcement learning in
physical systems and fine time discretization. It can also yield better exploration
thus faster learning.

An algorithm based on this framework, Actor-Critic with Experience Re-
play and Autocorrelated aCtions (ACERAC), was introduced. Its efficiency was
verified in simulations of four learning control problems: Ant, HalfCheetah, Hop-
per, and Walker2D. The algorithm was compared with PPO, SAC, and ACER.
ACERAC outperformed the competitors in Ant and HalfCheetah. For Hopper
ACERAC was the best ex aequo with ACER. For Walker2D the best results was
obtained by PPO.

It is desirable to combine the framework proposed here with adaptation of
dispersion of actions by introducing reward for the entropy of their distribution,
as it is done in PPO. The framework proposed here is specially designed for
applications in robotics. An obvious step of our further research is to apply it in
this field, obviously much more demanding than simulations.

Acknowledgement

This work was partially funded by a grant of Warsaw University of Technology
Scientific Discipline Council for Computer Science and Telecommunications.

References

1. Barto, A.G., Sutton, R.S., Anderson, C.W.: Neuronlike adaptive elements that can
learn difficult learning control problems. IEEE Transactions on Systems, Man, and
Cybernetics B 13, 834-846 (1983)

2. Coumans, E., Bai, Y.: Pybullet, a python module for physics simulation for games,
robotics and machine learning. http://pybullet.org (2016-2019)

67




ot

10.

11.

12.

13.

14.

15.

16.

17.

18.

A framework for reinforcement learning with autocorrelated actions 11

. Erez, T., Tassa, Y., Todorov, E.: Simulation tools for model-based robotics: Com-

parison of bullet, havok, mujoco, ode and physx. In: 2015 IEEE International
Conference on Robotics and Automation (ICRA). pp. 4397-4404 (2015)

. Haarnoja, T., Zhou, A., Abbeel, P., Levine, S.: Soft actor-critic: Offpolicy

maximum entropy deep reinforcement learning with a stochastic actor (2018),
arXiv:1801.01290

. van Hoof, H., Tanneberg, D., Peters, J.: Generalized exploration in policy search.

Machine Learning 106, 1705-1724 (2017)

. Kakade, S., Langford, J.: Approximately optimal approximate reinforcement learn-

ing. In: Proceedings of the Nineteenth International Conference on Machine Learn-
ing, ICML’02. pp. 267-274 (2002)

. Kimura, H., Kobayashi, S.: An analysis of actor/critic algorithms using eligibility

traces: Reinforcement learning with imperfect value function. In: ICML (1998)

. Korenkevych, D., Mahmood, A.R., Vasan, G., Bergstra, J.: Autoregressive policies

for continuous control deep reinforcement learning. In: Proceedings of the Twenty-
Eighth International Joint Conference on Artificial Intelligence (IJCAI-19). pp.
2754-2762 (2019)

. Liang, E., Liaw, R., Nishihara, R., Moritz, P., Fox, R., Goldberg, K., Gonzalez, J.,

Jordan, M., Stoica, I.: RLlib: Abstractions for distributed reinforcement learning.
In: Dy, J., Krause, A. (eds.) Proceedings of the 35th International Conference on
Machine Learning. Proceedings of Machine Learning Research, vol. 80, pp. 3053—
3062. PMLR, Stockholmsmaéssan, Stockholm Sweden (10-15 Jul 2018)

Lillicrap, T.P., Hunt, J.J., Pritzel, A., Heess, N., Erez, T., Tassa, Y., Silver,
D., Wierstra, D.: Continuous control with deep reinforcement learning (2016),
arXiv:1509.02971

Mnih, V., Kavukcuoglu, K., Silver, D., Graves, A., Antonoglou, I., Wierstra,
D., Riedmiller, M.: Playing atari with deep reinforcement learning (2013),
arXiv:1312.5602

Schulman, J., Levine, S., Moritz, P., Jordan, M.I., Abbeel, P.: Trust region policy
optimization (2015), arXiv:1502.05477

Schulman, J., Wolski, F., Dhariwal, P., Radford, A., Klimov, O.: Proximal policy
optimization algorithms (2017), arXiv:1707.06347

Todorov, E., Erez, T., Tassa, Y.: Mujoco: A physics engine for model-based control.
In: 2012 IEEE/RSJ International Conference on Intelligent Robots and Systems.
pp. 5026-5033. IEEE (2012)

Wang, Z., Bapst, V., Heess, N., Mnih, V., Munos, R., Kavukcuoglu, K., de Freitas,
N.: Sample efficient actor-critic with experience replay (2016), arXiv:1611.01224
Wawrzynski, P.: Learning to control a 6-degree-of-freedom walking robot. In: Pro-
ceedings of EUROCON 2007 The International Conference on Computer as a Tool.
pp. 698-705 (2007)

‘Wawrzynski, P.: Real-time reinforcement learning by sequential actor—critics and
experience replay. Neural Networks 22(10), 1484-1497 (2009)

Wawrzynski, P.: Control policy with autocorrelated noise in reinforcement learning
for robotics. International Journal of Machine Learning and Computing 5(2), 91-95
(2015)

68




12

M. Szulc, J. Lyskawa, P. Wawrzynski

A Algorithms’ hyperparameters

This section presents hyperparameters used in simulations reported in Sec. 5. All
algorithms used the discount factor equal to 0.99. The rest of hyperparameters
for ACERAC, ACER, SAC, and PPO, are depicted in Tab. 1, 2, 3, and 4,

respectively.
Parameter Value Parameter Value
Action std. dev. for Hopper 0.3 Step-size for Hopper 0.0001
Action std. dev. for other envs.| 0.4 Step-size for other envs 0.0003
a 0.5 Replay buffer size 106
Critic step-size for Walker2D | 10~ Minibatch size 256
Critic step-size for other envs. |6 - 1075 Target smoothing coef. 7 0.005
Actor step-size for Walker2D |5 -107° Target update interval 1
Actor step-size for other envs. |3 - 107° Gradient steps 1
T 4 Learning start for Ant 10*
b 2 Learning start for HalfCheetah| 10*
Memory size 106 Learning start for Hopper 108
Minibatch size 256 Learning start for Walker2D | 10°
Target update interval 1 Reward scale for Ant 1
Gradient steps 1 Reward scale for HalfCheetah | 0.1
Learning start 108 Reward scale for Hopper 30
Reward scale for Walker2D 30

Table 1: ACERAC hyperparameters

Table 3: SAC hyperparameters

Parameter Value

Action std. dev. 0.3 Parameter Value
Critic step-size 107° GAE parameter (\) 0.95
Actor step-size 10~° Minibatch size 64

A 0.9 Step-size 0.0003

b 2 Horizon 2048
Memory size 109 Number of epochs 10
Minibatch size 256 Policy clipping coef. 0.2
Target update interval| 1 Value function clipping coef.| 10
Gradient steps 1 Target KL 0.01

Learning start 103

Table 2: ACER hyperparameters

Table 4: PPO hyperparameters
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Abstract. Reinforcement learning (RL) methods work in discrete time.
In order to apply RL to inherently continuous problems like robotic con-
trol, a specific time discretization needs to be defined. This is a choice
between sparse time control, which may be easier to train, and finer
time control, which may allow for better ultimate performance. In this
work, we propose SusACER, an off-policy RL algorithm that combines
the advantages of different time discretization settings. Initially, it op-
erates with sparse time discretization and gradually switches to a fine
one. We analyze the effects of the changing time discretization in robotic
control environments: Ant, HalfCheetah, Hopper, and Walker2D. In all
cases our proposed algorithm outperforms state of the art.

Keywords: reinforcement learning - frame skipping - robotic control

1 Introduction

Reinforcement Learning (RL) is an area of machine learning that focuses on
maximizing expected rewards’ sum in the Markov Decision Process [25]. Such
approach may be applied to difficult problems such as robotic control, video
games, and healthcare [7,24, 31]. It may result in control policy that is robust
to unpredicted events and is able to solve control problems that are difficult or
impossible to be solved by human engineers [20].

The interaction with the environment is typically assumed to be the most
expensive part of the RL process. Thus, when comparing RL methods, an im-
portant aspect to consider is the sample efficiency. It is defined as the speed of
the learning process with respect to the number of training samples collected.
An algorithm with higher sample efficiency will achieve a desired policy using
less environment data and, given a specific amount of data, such algorithm will
likely obtain a better policy [6,15,27].

Reinforcement learning algorithms work in discrete time. It is natural when
considering setting that are naturally discrete, such as video games or health-
care [18,31]. However, reinforcement learning is applied often to the problems
that are continuous and it requires time discretization of the control process.
Recent research shows that while finer discretization allows us to obtain better
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results, it is much more difficult, especially for algorithms that were not prepared
specifically for fine time discretization setting [28,33].

In this work, we aim to utilize the benefits of both a simpler learning pro-
cess with coarser time discretization and the possibility to obtain better poli-
cies using finer discretization. For this purpose, we propose an algorithm that
can use experience collected by policy working in different discretization. The
underlying policy uses a stochastic process to control current discretization by
sustaining actions with a given probability. This approach separates the environ-
ment discretization, which is the finest discretization available, from the agent’s
discretization.

The contribution of this paper can be summarized as follows:

1. We introduce a framework for manipulating discretization during the rein-
forcement learning process via sustained actions.

2. We introduce an algorithm based on the Actor-Critic with Experience Replay
that utilizes variable discretization. We call this algorithm Actor-Critic with
Experience Replay and Sustained actions (SusACER).

3. We provide experimental results that compare the SusACER algorithm with
state-of-the-art RL algorithms on simulated robotic control environments
with continuous action spaces.

2 Problem Formulation

We consider typical reinforcement learning in a Markov Decision Process that is
built on an underlying continous control process.

At the time step ¢ the environment is in a state, s;. An agent interacts with
the environment by performing an action, a;, at each time step. It causes the
environment to change its state to s; 41 and the agent receives a reward, r,. An
episode is a single run of the agent-environment interaction, from an initial state
to a terminal state.

The agent performs actions according to its policy m(als) that determines
the probability of each action a in the given state s.

The policy is optimized to maximize the expected total rewards’ sum through-
out an episode. A practical way to do that is to maximize the expected discounted
rewards’ sum E(},_, ¥'reqi|lze = ;) for each state @ in the state space, where
v € (0,1) is a discount factor.

We note that the actor should select an optimal action in each time step to
maximize the expected rewards sum. As such, we assume that the final policy
obtained in a reinforcement learning process should make decisions in each time
step to allow the best performance.

We assume that the Markov Decision Process is built on an underlying con-
tinuous control process. This control process is discretized in the time domain,
making each time step of the environment last for a given short period of time.
Our goal is to design an efficient learning algorithm for this setting.
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3 Related Work

Actor-Critic algorithms. The Actor-Critic approach to reinforcement learning
was first introduced by Barto et al. [2]. The approach to use approximators to
estimate discounted rewards sum was proposed by Kimura and Kobayashi [11].
The Actor-Critic with Experience Replay was introduced in [30] as an algo-
rithm that combines the Actor-Critic structure with offline learning via replaying
variable-length sequences of samples, called trajectories, stored in a buffer. This
algorithm uses importance sampling to solve the problem of using trajectories
obtained using different policies. [26] introduce constant length trajectories and
soft truncation of importance sampling. Many state-of-the-art algorithms used
for robotic control problems, such as Soft Actor-Critic (SAC) [9] and Proximal
Policy Optimization (PPO) [22], use Actor-Critic structures.

Structured exploration for robotic settings Lillicrap et al. [14] introduced the
Deep Deterministic Policy Gradient (DDPG) algorithm and shows the need
for structured exploration in robotic environments. DDPG algorithm uses the
Uhlenbeck-Ornstein process [29] to generate temporally correlated noise. Tal-
lec et al. [28], Szulc et al. [26], and Lyskawa and Wawrzyriski [33] show the
importance of structured exploration for fine discretization controlling physical
objects. Lyskawa and Wawrzytiski [33] show that in fine discretization setting
reinforcement learning algorithms should employ multiple-step trajectories for
calculating approximators’ updates.

Environment discretization and sustained actions Sustaining actions over constant-
length number of frames was first introduced by Mnih et al. [18] for ATARI
environments to reduce the number of times the policy has to be calculated in a
setting where environment steps are relatively fast. This approach is used in later
works as a standard preprocessing for Atari environments [13,19]. Kalyanakrish-
nan et al. [10] noted that for many video game environments, a higher frame skip
parameter allows obtaining a higher score. [28| applies the Uhlenbeck-Ornstein
process to the underlying values for calculating discrete action probabilities to
provide a method for temporally-correlated actions in discrete action space set-
tings. Dabney et al. [5] proposed ez-greedy exploration as a temporal extension of
e-greedy exploration, where the action duration is selected from a given distribu-
tion z to increase the probability of finding states outside policies similar to the
greedy policy. However, this approach assumes action-value function estimation
and single-step updates, which makes it not easily transferrable to algorithms
that use value function estimation.

Learning optimal action duration Lakshminarayanan et al. [13] introduced Dy-
namic Action Repetition. This method works by including actions extended by a
given number of steps in the available action space. Mann et al. [16] introduced
Fitted Value Iteration algorithm. Similarly to the Dynamic Action Repetition,
it extends the environment action space. It is however not limited to actions
with increased duration. Instead it utilizes the framework of options, which are
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general sequences of actions and include both simple actions and actions with
increased duration. Biedenkapp et al. [3] introduced a method based on the Q-
Learning, called TempoRL, where action duration was introduced to the action
space, resulting in an approach similar to some hierarchical reinforcement learn-
ing approaches [8]. Sharma et al. [23] introduced method called Figar, which uses
an additional model to select one of the predefined action lengths. Yu et al. [32]
introduced Temporally Abstract Actor-Critic, that includes additional model for
determining if an action should be sustained. However, these works assume that
the trained agent would make decisions only in selected time steps. Metelli et
al. [17] points out that reducing control frequency results in performance loss.
Thus, in this work we assume that outside training the agent selects the optimal
action in each time step.

Action-value based RL in fine-time discretization Park et al. [21] utilise sustained
actions to allow the usage of reinforcement learning algorithms that use action-
value function estimators in fine-time discretization. Baird [1] notes that without
increasing action duration the action-value function degrades to the value func-
tion, as the effect of a single very short action becomes negligible. This problem
does not occur when using reinforcement learning algorithms that use the value
function estimator [28], such as Actor-Critic with Experience Replay [30]

Summary Most of the existing methods utilising action sustain use action-value
function estimators and single step updates. As such, they are not as well-suited
to fine-time discretization problems as algorithms that use value function esti-
mators.

4 Variable discretization

In this work, we consider two-level time discretization. The base discretization
T = {1,2,3,...} is the finest available environment discretization, further referred
to as environment discretization. The second discretization Ty, is called the agent
discretization. A single agent time step lasts for several environment time steps.
The distribution of length of the agent time step at the environment time step t is
determined by a geometric distribution® with a success (action finish) probability
parameter p;. In the geometric distribution, the probability of sustaining current
action is the same regardless of how long the action already lasts, which is an
useful property. The action selected at the beginning of an agent time step is
sustained for the whole duration of the agent time step. We denote the expected
duration of a sustained action as

E=1+4+—"t=— (1)
Pt Pt

Ey is greater by 1 than the expected value of the geometric distribution as it
also includes the environment step when the agent chooses the action.

3 Defined as the number of failures before the first success.
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Generally, p; increases with ¢ to 1, which means that the expected duration
of actions decreases to 1. Initially, the actions are longer, and shorter combina-
tions of them lead to high expected rewards. The space of these combinations
is smaller, and the agent requires less experience to search it, thereby learn-
ing faster. Having learned to choose long-lasting actions, the agent is in a good
position to learn dexterous behavior based on short-lasting actions.

We denote the underlying base agent policy 7, (als; 8), where 6 is the vector of
the policy parameters. It determines the probability of the action a being selected
in the state s of the environment. The environment-time-step-level policy 7 is
thus defined as

Talalse; 0r)  if the agent must choose an action
(1= pe)U(alas—1) + pemala

—
DO
—

m(alse, ar—1;pe,0:) = {

st;01) otherwise,

where U (ala¢—1) is a probability distribution of sustained action a;—1, resulting in
a; = a;—1. For discrete action space U(ala;) =1 if a = a; else 0. For continuous
action space U(ala;) = 6(a — a;) where ¢ is a Dirac delta in the environment
action space. The agent must choose an action if the previous action cannot be
sustained, e.g. at the beginning of the episode.

The process described above in both the environment time discretization and
the agent time discretization is Markovian. However, the policy in the environ-
ment discretization depends on both previous action and state.

4.1 Trajectory importance sampling

We consider a trajectory, s¢,at,S¢41,0¢41,..-S¢t4n, Where t € T, ie., a; was
selected from the actor’s action probability distribution 7, (+|s;). The following
actions are selected or sustained independently in each environment step, thus
the importance sampling of a trajectory is a product of density ratios for each
environment step within this trajectory:
tn ot m(ar|sr,ar—1;p,0)
m(ar|$r, ar—1;pr,07)

Ta(ae|s:; 0)
Wa(at \Sﬁ et)

ISt = ®3)

T=t+1

for registered data indexed with ¢ and 7, and current policy parameter 6 and
success parameter p.

For discrete action distribution, all probabilities in Eq. 3 are finite. How-
ever, for continuous action spaces for a, = a,_; and success parameter p the
environment-time-step-level action probability density is equal to (1 — p)d(0) +
pra(alsy;0r). For p < 1 the expression (1—p)d(0) is infinite. However, for p, < 1
the infinite part is in both the nominator and denominator of this expression
and the density ratio reduces to the following form.

4)

Pr
n(ar|sr,ar—1;pr,0-) £ Talar]si6)

m(arlsr a,1;p,0) [ 152 iff ar = ar
) otherwise

Pr Talar]s, 0,
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If the action is not sustained, the density ratio for the time step 7 is equal to the
densities ratio of the actor’s probability distributions multiplied by the ratio of
the probabilities that the actor will select the action. If the action is sustained,
the importance sampling for the time step 7 is equal to the ratio of probabilities
that the action will be sustained. This value is greater than 0 for p < 1 and
equal to 0 for p = 1. We can safely ignore the case when a; = a,—y for p, =1 as
the probability of drawing the same action from a continuous distribution twice
is equal to 0.

As such, each sequence of sustained actions is non-negligible as long as p <
1. Furthermore, as we assume that the agent selected the first action of the
trajectory from the underlying base agent policy m,, a part of the trajectory is
feasible even for p = 1. As such, the experience collected with any p; € (0, 1] can
be feasibly replayed for any other p > p;.

4.2 Adaptation of exploration to sustained actions

Sustaining actions over a number of steps increases the intensity of exploration
[5]. In order to keep the exploration at the level defined by the underlying pol-
icy in control settings we propose the following solution. Let’s assume that the
underlying system is a Markovian continuous-time control process with contin-
uous state and action spaces. Given continuous time 7 and state s,, it can be
described by a differential equation

ds
d—_: = F(sr,ar) (5)
where a, is the action.
Let us assume that in short time [7, 7+ A] the F function can be approximated
by an affine function,
F(s;,a:) = B+ Ca,. (6)

If a single action with covariance matrix X is executed in time [7,7 + A], the
covariance matrix X of the state difference s, — s, equals

¥, =cxct A% (7)

However, if in time 7 to 7+ A a sequence of n independent actions that have co-
variance matrices X is performed, then the covariance X7 of the state difference
Sr+A — Sy equals

2
X =nCx'c” (%) = %CE'CTAQ (8)

Hence, for a constant action covariance, the amount of randomness in a state
increases when the actions are sustained longer. However, we want to keep this
amount of randomness in the state similar regardless of how long actions are
sustained. In this order, we set the covariance of the action distribution inversely
proportional to the expected time of sustaining actions.
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5 SusACER: Sustained-actions Actor-Critic with
Experience Replay

We base our proposed SusACER algorithm on Actor-Critic with Experience Re-
play (ACER) [30]. We selected ACER as the base algorithm as it matches mul-
tiple requirements for efficient reinforcement learning in robotic control settings,
namely uses state-dependant discounted rewards sum estimator, multiple-step
updates, and experience replay. It was also demonstrated in [33] that it per-
forms well in different discretization settings. As opposed to the original ACER
algorithm, SusACER uses n-step returns for a constant n and soft truncation of
density ratios, as proposed in [33].

SusACER uses two parameterized models, namely Actor and Critic. Actor
specifies a policy, mq(-|s;0). It takes as input the environment state s and it is
parameterized by 6. Critic V(s;v) estimates the discounted rewards sum for each
state s and is parameterized by v.

At each environment time step t the agent chooses an action according to
the environment-level policy 7. Then the experience samples (s, at, 7, St41,
m(a|st, ar—1;pt, 0t), Ta(at|se; 0¢)) are stored in the memory buffer of size M.

At each learning step the algorithm takes a trajectory of n samples starting
at 7 € [t — M,t —n]NT, and calculates updates Af and Av of parameters 0
and v.

The algorithm calculates m-step estimates of the temporal difference

m—1
Al = Z Y1 YV (S74miv) = V(sriv) (9)

i=0
for m = 1,2,...,n. To mitigate the non-stationarity bias, temporal difference

estimates are weighted by importance sampling. Weights p* for each m-step
estimate correspond to the change of the probability of the given experience
trajectory according to Eq. 3. Following [26], we apply a soft-truncation function
y(r) = btanh(f) to the calculated weights to improve the stability of the
algorithm. Thus, the weight for an m-step estimate is given as

pT = btanh(IS]"/b) (10)

The algorithm calculates the unbiased temporal difference estimate d?* for
a sampled trajectory as an average of the m-step temporal difference estimates
AT weighted by p7*.

The algorithm calculates the update Av to train Critic to estimate the value
function and the update Af to train Actor to maximize the expected discounted
rewards’ sum. The complete algorithm to calculate the updates is presented in
Algorithm 1. We use ADAM [12] to apply the updates to the 6 and v parameters.

6 Empirical study

In this section we present empirical results that show the performance of the
SusACER algorithm. As benchmark problems we use a selection of simulated
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Algorithm 1 Calculating parameters update from a single trajectory in Actor-
Critic with Experience Replay and Sustained actions
Input: a trajectory of length n beginning at time step 7
Output: parameter updates Af and Av

1: for m € {1,2,...,n} do
2 AN S Y e YV (S v) — V(sriv)
3: Calculate 157" according to Eq. 3
4 P Y(I1ST)
end for
d =23 AT
t Av + VYV, V(sr;v)d}
: A0+ Vo lnm(ai|s-;0)d}

robotic environments, specifically Ant, HalfCheetah, Hopper and Walker2D. In
our experiments we use the open source multiplatform PyBullet simulator [4].

On all benchmark problems we run experiments for 3- 106 environment time
steps. Each 3 - 10* steps we freeze the weights and evaluate the trained agents
for 5 episodes. Learning curves in this section present the average results of
evaluation runs over multiple runs and their standard deviations. For algorithm
comparison we use the final obtained results and the area under the learning
curve (AULC). AULC value is less influenced by noise and better reflects the
learning speed.

We compare the results obtained using SusACER algorithm to the base
ACER algorithm with constant trajectory length and two state-of-the-art al-
gorithms, namely Soft Actor-Critic (SAC) [9] and Proximal Policy Optimization
(PPO) [22]. We use the optimized hyperparameter values for SAC, PPO and
ACER as provided in [33]. However, as ACER used in this study differs from
ACER used in [33] by using constant trajectory length, we optimized the trajec-
tory length with possible values set {2,4,8, 16,32} and the learning rates with
possible values {1-1074,3-1074,1-107%,3-107°,1-1076}.

For SusACER we used the same hyperparameters as for ACER where possi-
ble. We use the following environment discretization. The expected action sustain
length Ey, as defined in Eq. 1, decreases linearly from Ey to 1 over Tk steps.
Specifically,

Et:E0+(1—E0)min{L,1} (11)
Tg
which directly translates into p; (1). We use E; instead of p; as a parameter as
we believe that it is more intuitive.

For SusACER we limit the maximum sustain length to the length of the
trajectory used for calculating weight updates to avoid collecting and storing
samples that would not be used for the training process.

Source code for experiments that we present in this section is available on
github®. We list all hyperparameter settings in the Appendix A.

4 https://github.com/lychanl/acer-release/releases/tag/SusACER
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6.1 Ablation study

We present results that show the impact of different discretization settings for
SusACER.

We ran experiments using 3 different initial expected action length values Ej,
namely 2, 4, and 8. We also tested 3 different expected action length decrease
times T, namely 3-10%, 1-10°, and 3 - 10°.

Table 1 shows final results and AULC for these experiments. For Ant, the
best results and AULC values are obtained for shorter sustain probability decay
times and rather lower Fy values. For HalfCheetah, the results vary, with the
best results and AULCS obtained for medium FEj value and long Tg value. For
Hopper, the results are similar for all settings, with slightly better results for
smaller initial expected action lengths. For Walker2D the best AULC values
are obtained for smaller values of T, however the results have large standard
deviation values.

For comparison with other algorithms we selected the discretization settings
with the largest AULC values. Highest AULC values match the highest final
results for all environments except of the Walker2D and for most discretization
settings has lower standard deviation than the final result.

Table 1. Results and areas under the learning curves for Ant, HalfCheetah, Hopper,
Walker2D for SusACER with different discretization settings. The bolded results have
the highest AULC value and thus are used for comparison with other algorithms.

Ant HalfCheetah Hopper Walker2D
Result| AULC|Result| AULC|Result|AULC|Result| AULC
3311 | 2698 | 2837 | 2351 | 2218 | 2268 | 1477 | 1283
+218 | £146 | +444 | £408 | £315 | 126 | £699 | £459
5| 3403 | 2730 | 2426 | 1935 | 2486 | 2278 | 2059 | 1481
+83 | £86 | £908 | £705 | +236 | £133 | £520 | +292
5| 3274 | 2616 | 2558 | 1929 | 2551 | 2357 | 1061 | 1041
+128 | £130 | £668 | £779 | £67 | £113| £721 | £196
3427 | 2775 | 2911 | 2261 | 2457 | 2287 | 1885 | 1367
+244 | +£131 | £303 | £419 | £108 | +£65 | £950 | £483
3351 | 2683 | 2699 | 1932 | 2551 | 2273 | 1856 | 1195
+167 | 199 | £470 | £441 | £133 | 108 | £923 | £375
3217 | 2532 | 3059 | 2501 | 2466 | 2131 | 1914 | 1275
+140 | £107 | +£151 | +195| +44 | £85 | £811 | £171
3281 | 2723 | 2887 | 2406 | 2310 | 2261 | 1768 | 1192
4216 | 185 | 385 | £264 | £339 | £78 | £778 | £354
5| 3185 | 2374 | 2882 | 2289 | 2382 | 2259 | 2012 | 1177
4260 | 218 | +381 | +444 | £282 | £154 | £595 | £236
3301 | 2577 | 2682 | 1862 | 2418 | 2200 | 2228 | 1322
+384 | £173 | £413 | £406 | £187 | 115 | £399 | £180

Eof Te

213-10*
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6.2 Experimental results and discussion

We compare the results obtained using SusACER algorithm to the results of
the ACER, SAC, and PPO algorithms. Figure 1 shows learning curves for these
algorithms. Table 2 shows the final results and AULC for these experiments.

AntBulletEnv-v0 HalfCheetahBulletEnv-v0

3500 3000
3000
c 2000
£ 2500 £
[ °
o 2000 S 1000
i =)
& 1500 E
2 1000 —— SusACER H 0 —— SusACER
—— ACER —— ACER
500 — PPO —1000 — PPO
o — SAC — SAC
0.0 0.5 10 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 25 3.0
Million timesteps Million timesteps
HopperBulletEnv-v0 Walker2DBulletEnv-vO
3000 3000
2500 2500
£ 2000 £ 2000
g g 1500
@ 1500 o
o 4
£ 1000 —— SUSACER g 1000
—— ACER
500 L 500
o — SAC 0
0.0 0.5 10 15 2.0 25 3.0 0.0 0.5 10 15 2.0 25 3.0
Million timesteps Million timesteps

Fig. 1. Learning curves for SUSACER, SAC, PPO and FastACER for Ant (upper left),
HalfCheetah (upper right), Hopper (lower left) and Walker2D (lower right) environ-
ments

SusACER obtains high results for all 4 environments. For HalfCheetah and
Walker2D, it outperforms other algorithms by a large margin in terms of both
training speed and final obtained results. For Ant and Hopper, it obtains similar
final result as ACER. However, SusACER learns faster in the initial part of the
training, which is reflected by higher AULC values.

When compared to the results obtained by ACER, the results obtained using
SusACER with different inital discretizations and decay times are, for most com-
binations, similar or better than the results obtained by the ACER aglorithm. It
shows that the action sustain at the beginning of the training may easily improve
the performance in simulated robotic problems.

The results presented in this section show that the impact of discretization
setting may vary for each environment. For some environmnets, like Hopper,
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Table 2. Results and areas under the learning curves for Ant, HalfCheetah, Hopper,
Walker2D for SusACER, ACER, SAC and PPO. The bolded values are the highest
final results and AULCs

Ant HalfCheetah Hopper Walker2D
Result| AULC|Result| AULC|Result|AULC |Result| AULC
3427 | 2775 | 3059 | 2501 | 2551 | 2357 | 2059 | 1481
+244|4+131|+151|+195| £67 |£113 | £520 | £292
3289 | 2664 | 2562 | 2005 | 2230 | 2308 | 1700 | 1051
+124 | £156 | £362 | £567 | £412 | £122 | £578 | £320
2788 | 2233 | 2329 | 1890 | 1496 | 1791 | 1801 | 785
4263 | £194 | £753 | £566 | £664 | £179 | £674 | £160
1820 | 1385 | 1931 | 1417 | 1941 | 1816 | 1790 | 1271
+153 | £140 | £83 | £95 | £441 | +84 | £135| £215

SusACER

ACER

SAC

PPO

this impact is negligible. For other, like HalfCheetah, correct discretization set-
ting may greatly contribute to the algorithm performance. However, even if the
impact is low, it may increase the speed of the learning process.

The optimal discretization setup varies between the environments. All tested
environments require relatively fine discretization (with initial values of Ey equal
to 2 or 4), with more sensitive simulations, Hopper and Walker2D, requiring
lower value than the two easier problems, Ant and HalfCheetah.

7 Conclusions and future work

In this paper, we have introduced SusACER, a reinforcement learning algo-
rithm that manipulates time discretization to maximize learning speed in its
early stages while simultaneously increasing the final results. In the early stages,
the actions effectively last longer, which makes their sequences until the goal is
reached shorter, and thus makes them easier to optimize. Eventually, the times-
pan of actions is reduced to their nominal length to allow finer control. Our
experimental study with the robotic-like environments Ant, HalfCheetah, Hop-
per, and Walker2D confirms that this approach reaches its objectives: SusACER
proves more efficient than state-of-the-art algorithms by a significant margin.

In this study, our approach to manipulating time discretization was combined
with one of the most basic RL algorithms with experience replay, still giving high
performance gain. The combination with other algorithms, such as SAC, could
result in an even more efficient method.

We also show that optimal discretization varies between the environments.
A possible next step in the research of the variable discretization setting would
be to create a method to determine optimal discretization.

Ethical statement This work does not focus on processing personal data. The
novel solutions presented in this paper cannot be directly used to collect, pro-
cess, or infer personal information. We also believe that reinforcement learning
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methods, including SusACER, are currently not viable solutions for control pro-
cesses used for policing or the military. This work does not have any ethical
implications.
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A Hyperparameters

In this section we provide hyperparameters used to obtain results in the section
6. Table 3 contains common parameters for the offline algorithms, namely for
SusACER, ACER and SAC. Table 4 contains shared parameters for SusACER
and ACER algorithms. Tables 5 and 6 contain hyperparameters for SAC and
PPO, respectively. Table 7 contains environment-specific reward scaling param-

eter values for the SAC algorithm.

Parameter |Value
Memory size | 10°

Minibatch size | 256

Update interval| 1

Gradient steps | 1

Learning start | 10*
Table 3. Common parameters for offline
algorithms (SusACER, ACER, SAC).

Parameter Value
Action std. dev. 0.4
Trajectory length n 4
b 3
Actor step-size [3-107°
Critic step-size 1074
Table 4. SusACER and ACER hyperpa-
rameters.

Parameter Value
Target smoothing coef. 7|0.005
Learning start 10*

Table 5. SAC general hyperparameters.
For environment-specific hyperparameters
see Tab. 7

Parameter Value
GAE parameter () 0.95
Minibatch size 64
Horizon 2048
Number of epochs 10
Value function clipping coef.| 10
Target KL 0.01
Step-size 3.107*
Clip param 0.2

Table 6. PPO hyperparameters.

Parameter Value

Reward scaling for HalfCheetah env.
Reward scaling for Ant env.
Reward scaling for Hopper env.
Reward scaling for Walker2D env.

0.1

0.03

Table 7. SAC reward scaling.
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Abstract: Achieving long-term goals becomes more feasible when we break them into smaller, manageable subgoals.
Yet, a crucial question arises: how specific should these subgoals be? Existing Goal-Conditioned Hierarchical
Reinforcement Learning methods are based on lower-level policies aiming at subgoals designated by higher-
level policies. These methods are sensitive to the proximity threshold under which the subgoals are considered
achieved. Constant thresholds make the subgoals impossible to achieve in the early learning stages, easy to
achieve in the late stages, and require careful manual tuning to yield reasonable overall learning performance.
We argue that subgoal precision should depend on the agent’s recent performance rather than be predefined. We
propose Adaptive Subgoal Required Distance (ASRD), a drop-in replacement method for subgoal threshold
creation that considers the agent’s current lower-level capabilities for appropriate subgoals. Our results
demonstrate that subgoal precision is essential for HRL convergence speed, and our method improves the
performance of existing HRL algorithms.

1 Introduction sively refine it as they go along (Adolph et al., ). This
hierarchical approach simplifies learning higher-level

Hierarchical reinforcement learning (HRL) performs skills while continuously improving basic abilities.
remarkably well on complex tasks, unsolvable by flat Most existing works in Goal Conditioned HRL
methods (Gehring et al., 2021; Giirtler et al., 2021; (GCHRL) assume fixed criteria of subgoal required
Nachum et al., 2018; Levy et al., 2017; Ghosh et al., distance (SRD), i.e. a radius of the region in the state
2019; Eysenbach et al., 2019). This is because the space, which the agent should reach to accomplish a
control of sequential decision making in complex dy- subgoal (Nachum et al., 2018; Giirtler et al., 2021;
namical systems is often easier to synthesize when Lee et al., 2022). In a sparse reward setting, if the
decomposed hierarchically (Nachum et al., 2019). The lower-level (LL) policy achieves SRD within a higher-
high-level agent breaks down the problem into a series level (HL) action time, it receives a positive reward.
of subgoals to be sequentially executed by the low- Notably, SRD is usually predefined by a human expert
level policy. To illustrate this concept, consider how a or found using a hyperparameter search (Chane-Sane

child learns to walk: they don’t need to master it per- etal., ; Colas et al., ; Liu et al., 2022).

fectly from the beginning; instead, they initially grasp However, two serious issues can arise from a prede-
the fundamental dynamics of the skill and then progres- fined SRD when the HL policy is not well-trained. If
_ the SRD is too small, it can create subgoals that are too
0 htps:// Orc?d-"rg/OOOO‘OOO1'5470'7878 narrow and impossible to achieve. As a result, the LL
° [ https://orcid.org/0000-0003-0576-6235 policy may never accomplish any subgoal, making it
: https://orcid.org/0000-0002-1154-0470 difficult to learn anything. However, if the SRD is too
https://orcid.org/0000-0001-7915-6662 large, the LL policy may learn to reach given subgoals

€ https://orcid.org/0000-0002-1486-8906
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Figure 1: Conceptual illustration of the SRD impact on algo-
rithm performance. Fixed SRD yields high-performing algo-
rithms only when adjusted to agent capabilities. However,
in practice, it usually needs to be found using fine-tuning.
Thus, too wide or narrow SRD may limit LL policy accuracy
in subgoal reaching and result in lower performance.

imprecisely, leading to clumsy control and unsatisfac-
tory progress in the main task. Thus, this approach is
sensitive to SRD and works only with expert domain
knowledge or after meticulous SRD tuning (Fournier
et al., 2018). In this work, we empirically demonstrate
this sensitivity.

We recognize this limitation in GCHRL and ad-
dress it by adjusting SRD along the training. We ar-
gue that precision is more prominent in later train-
ing phases but may be eased initially. Thus, the
SRD should depend on the agent’s recent performance
rather than be fixed. We propose a simple method that
adapts the SRD to the current performance of the agent
as measured during the training process, forming a cur-
riculum of subgoal thresholds (Figure 1). We indicate
that curricular approaches were widely surveyed re-
garding exploration (Portelas et al., 2020; Zhang et al.,
2020b; Li et al., 2021); however, few works explored
it in the context of subgoal reachability issue (Fournier
et al., 2018), especially in HRL.

This work closely examines the problem of tuning
SRD in GCHRL. Our contributions are as follows:

1. We show that HRL methods are highly sensitive to

subgoal precision and environment goal precision.

. We propose Adaptive Subgoal Required Distance
(ASRD), a novel, easy-to-implement method adapt-
ing SRD that boosts training robustness, improves
final policy performance and simplifies the hyper-
parameter tuning procedure.

. We perform an extensive analysis of the proposed
method, showing that it allows us to obtain higher
control precision faster.

2 Problem statement

We consider the typical RL setup (Sutton and Barto,
2018) based on a Markov Decision Process (MDP): An
agent operates in its environment in discrete time t =
At time ¢ it finds itself in a state, 5, € S, per-
forms an action, a, € 4, receives a reward, r; € R, and
the state changes to s;41. The agent is trained to maxi-
mize the discounted rewards sum E(Y;_o¥'ri+i|s;) for
each state s, where y € [0, 1) is the discount factor.
We assume that effective hierarchical control is
possible in this MDP. Let there be L > 1 levels of
the hierarchy. Each /-th level defines an MDP with
its state space S, its action space 4! and rewards.
For the highest level S* = § and for the bottom level
a'=24. Taking action at /-th level, [ > 2, aﬁ, launches
an episode of the MDP at / — 1-st level. a! defines the
goal in this lower-level episode and may specify the
time to achieve this goal, thus the states and rewards
in this episode are co-defined by a’. Once this episode
is finished, another action at /-th level is taken.
Actions at the [-th level are defined by a policy,

(6]

where s/ is the state of the agent perceived at /-th level
of the hierarchy at time ¢. For [ < L, the goal of the
episode at level / is for a certain state projection, f(s;),
to approach a given goal g/ € G' (optionally, g is the
environment goal in the current episode). For [ < L,
G' = A'*! The f! function, f' : § — G'*!, usually
just extracts certain coordinates from its vector input.
For [ < L, the state s{ also includes a subgoal of /-th
level g. SRD value & > 0 specifies the precision with
which the policy 7t/ must approach the state projection
f'(s;) of subgoal g!. The reward for the I-th level r!
depends on the successful approaching of f!(s;) in the
assumed time.

The overall task considered in this paper is to learn
the hierarchy of policies (2) so that the expected sum
of future discounted rewards is maximized in each
state at each hierarchy level.

d~nl(sh, 1=L,...1,
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3 Related Work

Hierarchical Reinforcement Learning (HRL) is a
framework that introduces hierarchy into control by
decomposing a Markov Decision Process (MDP) into
smaller MDPs. This approach enhances structured
exploration and facilitates credit assignment (fam-
ily=Vries et al., ), particularly in scenarios with sparse
rewards (Pateria et al., ; Nachum et al., 2019). HRL
comprises three main branches: option-based (Sut-
ton et al., 1999; Barto and Mahadevan, 2003; Pre-
cup, 2000; Bagaria and Konidaris, 2019; Shankar
and Gupta, 2020), skill-based (Eysenbach et al., 2018;
Sharma et al., 2019; Campos et al., 2020), and goal-
based.

Our research primarily focuses on the goal-
conditioned hierarchical reinforcement learning
(GCHRL) approach, where the high-level policy com-
municates with a lower-level policy (Schmidhuber,
1991; McGovern and Barto, 2001; Vezhnevets et al.,
2017; Zhang et al., 2020a). In this setup, the high-
level policy typically returns a subgoal that conditions
the lower-level policies. Consequently, the low-level
policy is rewarded for approaching the designated sub-
goal. Nevertheless, training a hierarchy of policies
using prior experience introduces non-stationarity is-
sues (Jiao and Tsuruoka, ), as selecting subgoals for
lower-level policies can yield different results due to
policy changes during learning. To address this chal-
lenge, various methods of subgoal re-labelling have
been proposed.

Levy et al. (Levy et al., 2017) introduced hierar-
chical experience replay (HAC), employing hindsight
experience replay, where actual states achieved are
treated as if they had been selected as subgoals. On
the other hand, Nachum et al. (Nachum et al., 2018)
presented HIRO, a method based on off-policy cor-
rection, where unattained subgoals in transition data
are re-labelled with alternatives drawn from the dis-
tribution of subgoals that maximize the probability of
observed transitions.

Furthermore, recent advancements have enhanced
high-level guidance and introduced timed subgoals in
Hierarchical Reinforcement Learning with Timed Sub-
goals (HiTS) (Giirtler et al., ). This method enhances
the precision of communication between hierarchical
levels, which is particularly crucial in dynamic envi-
ronments.

Nevertheless, as far as we can tell, there is a notable
absence of literature on utilising varying SRD within
a hierarchical setup, even though there is an extensive
body of knowledge concerning subgoals impact on
exploration (Portelas et al., 2020; Zhang et al., 2020b;
Li et al., 2021). In HRL, varying subgoal criteria

emerge naturally due to the ongoing training of low-
level and high-level policies. Therefore, we must gain
a deeper understanding of this interaction.

3.1 Varying subgoal achievement
criterion in sparse reward GCHRL

In most of the GCRL methods (Levy et al., 2017;
Giirtler et al., ), the goal (or subgoal) is reached when
the distance between each of the corresponding ele-
ments of the current state and the subgoal state g/ is
smaller than € > 0. Thus, the goal is not reached when
part of the achievement criteria is unsatisfied. This for-
mulation enforces strict control over goal-conditioned
policy. However, (Fournier et al., 2018) shows that
reachability is poor at the beginning of the training
and adaptive strategies of SRD improve the training
efficiency in flat RL.

The SRD impacts the performance of goal-
conditioned RL (Liu et al., 2022), especially GCHRL
methods with sparse rewards on every level. This is be-
cause HRL methods like HAC (Levy et al., 2017) and
HiTS (Gehring et al., 2021) use a mechanism to test if
the subgoals defined by the higher level are attainable.
This mechanism, dubbed testing transitions, results
in additional penalties for HL if generated subgoals
are not reachable by the deterministic LL policy. As
a consequence, HL policy is encouraged to produce
mostly reachable subgoals.

However, the frequent cause of failure of GCHRL
methods with sparse rewards and testing transition
mechanism arises from the wrong ratio of HL rewards
environmental and reachability (Levy et al., 2017).
Usually, the environment yields sporadic positive feed-
back for task completion, and reachability rewards
are designed a priori by the algorithm author. The
failure manifests itself with optimization of reacha-
bility rather than environmental return, which results
in easily achievable subgoals that do not lead to task
progression. In practice, there is a narrow range of
possible penalty values for testing transitions that do
not interfere with environmental reward, i.e. balances
these two sources of the reward signal. Thus, for ef-
ficient learning of the HRL method, there is a need
to either find a proper hyperparameter of the percent-
age of testing transitions or &’ that defines the subgoal
SRD.

We propose a new method that effectively identi-
fies suitable SRDs to address this limitation. Unlike
Fournier’s approach (Fournier et al., 2018), our method
does not make any assumptions about the SRD and
instead learns it directly from past experience. This
makes our approach more flexible and applicable to a
wider range of scenarios with limited prior knowledge
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Figure 2: During the training, the average distance to the
subgoal, i.e. subgoal error, decreases over time due to higher
LL policy precision. In this symbolic diagram, black dots
represent the subgoal position, while green circle represents
SRD. We propose SRD defined as the function of recent
distances to subgoals to consider current LL performance.
As the training progresses, the distribution errors approach
a distribution determined by the physical constraints of the
manipulator.

about the problem domain.

4 Adaptive Subgoal Required
Distance (ASRD)

Within our approach, SRD is designated online for a
given fraction of recent final episode states to have got
close enough to their goals. The method’s primary goal
is to aid the training robustness in finding a proper SRD
and, as a result, increase higher final performance. The
following sections call the proposed method adaptive
subgoal required distance (ASRD).

Specifically, at the end of every (/+ 1)-level action
we store the distances to the subgoal g/,/ < L in a
buffer B'. We use a cyclic buffer of maximum size
N. We define a new SRD, €/, based on the distances
stored in the buffer B!. Specifically, j-th element of
the subgoal equals the quantile of order ¢ of the j-th

Require : s/, g/

Ensure :/-level episode ended at ¢

Store (g! — f!(s!)) in a FIFO buffer B’ of max
size N;

if size(B') = N then

for j:=1,...,dim(G") do
/* Calculate new SRD for each
goal dimension */
&) =0, ({ldj| : d € B'})
end
else
/* If the buffer is not yet
filled, use a fixed SRD */
el i=¢)
end

Algorithm 1: ASRD algorithm, to be run after gathering
the final state of the /-th level episode.

elements of the distances stored in the buffer B!
& =0, ({l4)|: de B'})

where Q, denotes the quantile of order ¢ of its argu-
ment. At the beginning of the training, when there is
not enough data in the buffer to accurately determine
the quantile, we use a fixed SRD 56~ We present our
ASRD method in Algorithm 1.

It is worth noting that the higher dimensional the
subgoal, the lower the chances of successfully reach-
ing it, which has already been shown in (Gehring et al.,
2021). The overall likelihood of achieving a subgoal
results from the conjunction of probabilities of achiev-
ing the subgoal criteria per element.

2

5 Empirical Results

Our experiments aim to evaluate the effect of the pro-

posed mechanism of ASRD in GCHRL methods with

sparse reward in terms of SRD robustness. Specifically,

we compare the performance of baseline GCHRL

methods with their equivalent enhanced with ASRD.
In particular, we verify the following hypothesis in

this section:

* HO: performance of HRL methods is highly sensi-

tive to environment goal required distance.

« HI: the proposed method of varying SRD aids the
robustness of the training process of GCHRL with
sparse rewards.

* H2: adjustable SRD allows obtaining higher con-
trol precision faster.
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5.1 Experimental Setup

We evaluate our method for two goal-conditioned hier-
archical algorithms, namely HAC (Levy et al., 2017)
with fixed-length subgoals and HiTS (Gehring et al.,
2021) with timed subgoals, both using hindsight expe-
rience replay (Andrychowicz et al., 2017). These two
methods are used because both use sparse rewards on
every hierarchy level. We assess the effectiveness of
our method using the same hyperparameters for HAC
and HiTS as those in (Gehring et al., 2021), without
making any changes. Results are reported across 4 dif-
ferent environments (shown in Figure 3) where spatial
and timed precision of subgoal reachability is crucial
in order to achieve high performance:

1. Drawbridge: The agent controls a ship travelling
on a straight river. Its goal is to cross the draw-
bridge the moment it opens. Therefore, the agent
must synchronise its actions with the position of
the drawbridge and accelerate early enough to pass
it without hitting it and losing all of the momen-
tum. It is impossible for the agent to actively slow
down the ship — this makes this simple problem
challenging as it requires the agent to learn to wait.

2. Pendulum: This environment is based on the clas-
sic problem in control theory and consists of a pen-
dulum attached at one end to a fixed point, and the
other end being free. The agent’s goal is to apply
torque on the free end to swing it into an upright
position, each time starting with a random angle
and velocity. Despite being conceptually simple,
this problem requires a sequence of properly timed
swings to finish in the desired position.

3. Platforms: In this environment, the agent starts on
the lower level and must get to the upper level us-
ing a pair of moving platforms. The first platform
moves up and down independently of the agent’s
actions, while the second platform is only activated
when the agent steps on a special button. In this
challenging scenario, the agent must learn to syn-
chronize the activation of the second platform with
the position of the first, and then use both to get to
the higher level.

4. UR5Reacher: The agent’s task is to move a robotic
arm, which it controls by rotating its joints, to a
specified location. Because the joints affect each
other’s position, it must learn and synchronise
these interdependencies. Decomposing this prob-
lem into a sequence of sensible subgoals can solve
it much faster than using flat RL.

Our method considers distances to subgoals over
the most recent 1000 HL actions. It calculates a pre-
defined quantile of them to use as an SRD in the fol-

B S—— &

Figure 3: The environments used in our experiments.
From the left: Drawbridge, Pendulum, Platforms and
UR5Reacher.

lowing HL action. In the following experiments, we
use three different quantiles of orders 0.1, 0.25, and
0.5 for adapting SRD with different target goal achiev-
ability. It is worth noting that the proposed method
reduces the burden of tuning every element of subgoal
achievement criteria (which may be as big as state
space) separately. Instead, using the proposed method
one can replace this tunning with a grid search for one
scalar (quantile) that works best.

5.2 HO: Sensitivity to goal required
distance

We recognize that the task of achieving sparse reward
heavily depends on the environmental goal required
distance. In particular, the task becomes harder if the
environmental goal requires higher precision. Environ-
mental requirements might not be fulfilled if the agent
does not adjust subgoals precision to learn fine-grained
control. This issue is depicted in Figure 4, which il-
lustrates how the need for greater precision affects the
agent’s ability to achieve the environmental goal.

In our observations, we found that when we in-
creased the necessary precision by 4 and 10 times, both
algorithms were affected, but HAC showed a greater
sensitivity. Furthermore, when comparing vanilla
HAC and HiTS to cases where the ASRD mechanism
was used, we noticed that the former two algorithms
took longer to reach their final performance. Notably,
our method only slightly delayed convergence in sce-
narios where environmental precision remained un-
altered, but it enhanced performance in cases with
disturbances.
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Figure 4: Sensitivity to environmental goal required distance
on URS5Reacher environment for HAC and HiTS with and
without ASRD. In the legend, numbers describe the coeffi-
cient by which we scaled the environmental goal required
distance. The smaller the number, the harder the task of
reaching the environmental reward.

5.3 H1: Robustness of GCHRL training
to varying SRD

To test the sensitivity of the considered HRL methods
to the SRD parameter, we disturb its value fine-tuned
by their authors. Specifically, we scale them with
a predefined factor called the SRD multiplier. We
examine the agents’ performance with and without
ASRD in this setting. In particular, we evaluate agents’
performance based on the average success rate from
the final training performance, i.e. last 10% of time
steps, to reduce the noise in the results.

We show the aggregated results obtained by the
base HAC and HiTS algorithms with constant SRD
and with SRD adapted by our method in Table 1 for
better clarity. The results of methods enhanced with
ASRD are the same or higher for almost all environ-
ment/algorithm/SRD multiplier combinations for at
least one quantile. The performance of agents in the
undisturbed scenario, i.e. where SRD Multiplier is 1,
our method yields a boost in performance for every
environment/algorithm combination except for HiTS
in the Platforms environment.

The SRD Multiplier has a greater impact on
the final outcome of the HiTS algorithm than the

tested ASRD variations on Pendulum, Platforms, and
URS5Reacher environments. On the other hand, the
HAC algorithm is more affected by the initial SRD
on Drawbridge and UR5Reacher. HAC achieves a
low average success rate on the Platforms environment
regardless of SRD. However, when using SRD adapta-
tion with ¢ = 0.25 and ¢ = 0.5, it consistently achieves
a higher success rate compared to the base algorithm.

For all environments, HAC with SRD adaptation
obtains good results when using ¢ = 0.25, although
for Drawbridge, it obtains even better results using
g = 0.1 and for URS5Reacher using ¢ = 0.5. HiTS with
SRD adaptation obtains good results using any ¢ value,
however, the best ¢ value varies between environments.
The best results on HiTS with SRD adaptation obtains
using g = 0.25 for Drawbridge, ¢ = 0.1 for Pendulum,
g = 0.5 for Platforms, and any g for UR5Reacher.

Our method helps address the issue of varying lev-
els of achieved testing transitions by defining SRD
based on recent data. The level of testing transitions
success is determined by the quantile and the explo-
ration of the lower level, which in our experiments
forces it to stay low along the training. As a result, our
method improves the training stability of HiTS and
HAC. However, it should be noted that the quantile
order hyperparameter should be tuned per environment
because there is no clear indication of one quantile that
performs best across all environments. Also, due to the
inherent noisiness of sparse reward HRL, the reported
standard deviations indicate a significant discrepancy
in performance across runs. Overall, adaptive SRD re-
sults in faster algorithm convergence to optimal policy
in HiTS and a boost in the performance of HAC, which
without our method cannot solve the Drawbridge envi-
ronment.

5.4 H2: Adaptive SRD convergence

In this section, we closely examine the impact of
ASRD on agents’ precision, defined as a distance to the
subgoal, i.e. subgoal error, at the end of the HL action.
We also explore the implications of using different
length time windows in ASRD. Given the current ca-
pabilities of the lowest level, we would assume that
adaptive SRD should result in sufficiently demanding
but still realistic subgoals.

To calculate the distance to the subgoal, we store
the vectors representing the final state of the agent
and the subgoal state for each HL action. We then
subtract the state vector from the subgoal vector and
calculate the [ norm of this difference. By splitting the
data acquired in this way into 3 equal-sized parts from
different training phases, we observe how precise our
agent was in reaching subgoals and how its capability
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SRD Multiplier

Env Method  Q order 0.25 0.5 1 2 4
- 60.1+30.4
HAC 0.1th
0.25th 66.94+22.4 65.8+27.4 78.2421.6 76.6+28.7 65.4£5.2
Drawbridge 0.5th 19.9+£27.3
HiTS 0.1th
0.25th
0.5th
HAC - 47.3+£33.3 73.3+11.5 66.0£15.0 77.1+13.6 64.9+23.9
0.1th 41.8£30.5 50.8+36.1 58.6427.0
0.25th 34.14+31.4 51.1+33.8
0.5th 42.6+36.2 57.4427.6 75.1+8.2
. - 70.8+7.3
HITS 1o
0.25th 75.2+18.5
0.5th
- 37.0+36.3 27.6+17.5 43.5429.2
HAC 0.1th 54.34+39.7
0.25th 49.7£37.3 37.8+38.0 45.1£39.9 44.4£39.3 35.7434.1
0.5th 39.6+3.1 55.9+21.8 35.1418.2 27.4+26.9 48.0+£23.4
Platforms
HITS - 66.8+46.4 75.8+24.2 66.7+47.1
! 0.1th 67.4+34.5 69.9+29.4 64.2£35.5
0.25th 64.4+43.2 61.6+41.1 60.5+41.3
0.5th 75.7+£22.8 57.2+38.2
HAC 0.1th
0.25th
‘UR5Reacher 0.5th
. - 93.1+£3.0
HiTS 0.1th
0.25th
0.5th

Table 1: Comparison of final average success rates for different environments, algorithms, adaptive SRD quantile orders, and
initial SRD value multipliers. Q order of ’-* denotes the base algorithm with constant SRD. The reported averages and standard

deviations are calculated using five different seeds.

evolved during the training.

Indeed, the effect of squashed subgoal error dis-
tribution across training can be observed in Figure 5.
It shows that, from the beginning of the training, our
method makes the agent more focused on finishing
closer to the assigned subgoal. Because, during the
training, the LL performance increases and HL learns
what the lower level is currently capable of, subgoals
are getting gradually more reachable in terms of dis-
tance as the training progresses.

‘We analyzed how the window length influence the
adaptive SRD method by comparing the average suc-
cess rates of HAC+ASRD and HiTS+ASRD for dif-
ferent window lengths, namely 50, 500, and 1000. In
Table 2 we report the results of this experiment for
each environment.

Clearly, HiTS method is less susceptible to window
length changes in terms of final average performance
than HAC. However, HiTS and HAC exhibit the high-

est variance in results in the Platforms environment,
which is the hardest among tested environments. There
is also a considerable difference between HAC perfor-
mance in Drawbridge and Pendulum environments
which indicates higher dependence on window length
for HAC. The highest results for HITS+ASRD are ob-
tained using shorter window lengths, while there is no
clear relation between window length and performance
for HAC.

It is important to not that HAC and HiTS differ in
how they determine the length of their high-level (HL)
actions. HAC uses fixed times, whereas HiTS learns
the optimal timing for each HL action. As a result,
the length of HL actions may vary greatly between
these two algorithms. This difference in action length
can cause a delay between the current low-level (LL)
capabilities and the subgoal distances recorded in the
distances to the subgoal replay buffer. In fact, this is
particularly noticeable in the HiTS algorithm, where
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Figure 5: Normalized histograms of the distances to the subgoals throughout training on the Platforms-vI environment. In
both cases (left: vs. HAC, right: vs. HiTS), our method leads to distributions with smaller mean and variance. The distribution
change across training is evident for the HiITS+ASRD method where subgoal error forms distribution with a significantly

thinner tail than HiTS.

using a smaller window length for learning HL actions
leads to better performance in every environment.

‘Window length
Env Method 50 500 1000
Drawbridge ~ HAC 889157 8774173 985418
rawbridge  HiTS  99.9+0.1 98.5+ 1 99.9 + 0.1
Pendul HAC _ 870%30  760L165 S0.0L7.1
endulum HITS  914+26  903+28  911+£36
Platt HAC 2101298 506+ 147 351 %182
atiorms HITS 993402 6404453 7574228
HAC 998 £01 995502  99.8%0.1
URSReacher  pipg 00+ 0 100 + 0 100+ 0

Table 2: Influence of window length on ASRD performance
for HiTS and HAC algorithm. The final success rate’s re-
ported averages and standard deviations are calculated using
multiple seeds.

6 Discussion and Further Work

We consider the ASRD a step forward in formulat-
ing suitable subgoals in the control task for GCHRL,
especially in a sparse reward setting. The proposed
method leads to higher results in 7 out of 8 environ-
ment/algorithm combinations while using the original
SRD proposed by HAC and HiTS authors. While
disturbing the SRD by the predefined multiplier, our
method significantly boosts performance in most cases.
However, our method’s main limitation is that no sin-
gle quantile order or window length universally works
for all environments. Further research is needed to des-
ignate these parameters without trial-and-error tuning.

We speculate that environment dimensionality and,
as a consequence, subgoal dimensionality are critical

factors in determining the optimal quantile order for
ASDR. This is supported by the monotonic tendency
for performance increase/decrease in Table 1 with re-
spect to the quantile order.

The relation between window length and perfor-
mance is clear for HiTS. The window length should be
short to consider only the most recent HL actions and
LL capabilities. However, there is no clear prescrip-
tion for window length in HAC, as it appears to be
more environment-specific. Further research is needed
to understand this difference.

One promising avenue for future research involves
the development of adaptive masks for state vectors.
These masks would identify critical state coordinates
that could be used as subgoals, with varying levels of
importance assigned to each component. This would
enable the subgoal vector to be composed of coor-
dinates with highly disparate levels of importance
for successful task completion without sacrificing
the agent’s performance. Additionally, the proposed
method could be extended to scenarios where each
coordinate of the subgoal vector has its quantile or-
der, allowing less important elements to use higher
quantiles. This way, only key subgoal elements would
determine the reachability bottleneck.

7 Conclusions

Our work addresses a significant limitation in GCHRL
algorithms by proposing a novel method that adapts the
subgoal range dynamically based on the agent’s recent
performance. We show that fixed subgoal ranges can
lead to either too narrow or imprecise subgoals, which
hinder the learning process. Our adaptive approach
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improves training robustness and method performance
while simplifying the hyperparameter tuning proce-
dure. Our findings also suggest that our method leads
to higher control precision and faster convergence in
most cases. Overall, our work contributes to the on-
going effort to improve HRL methods, especially in
subgoal reachability issues in sparse reward GCHRL.
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I. INTRODUCTION

HE broad area of ICT embraces hardware and soft-
T ware for computer engineering, communications, sensing
and measurements, system science and technology, networks,
and applications. IQT embraces quantum computing, quantum
communications and networks, timing, quantum sensing and
measurements. The mutual coverage of research and applica-
tion areas is surprisingly large.

Artificial Intelligence is an area that has a lot of potential
in applying quantum technologies to real-life problems. While
normally it would require much larger quantum computers
than currently available, a lot of research is done using sim-
ulations and small-scale problems. Reinforcement learning,
an area of artificial intelligence, is intensively adapted in
recent years to be able to utilise quantum technology to its
advantage, including integrating non-deterministic aspects of
quantum into its design. Control theory is an area of applied
mathematics with a broad range of applications in many
fields of engineering. Control of qubits and gates in quantum
computers reveal many interesting problems both resolved,
deeply analyzed ones and those which are in pretty early
stage of theoretical development. Owing to specific nature of
quantum systems, finding solutions to these problems implies
advancement not only to the quantum technology but also to
control theory itself.

Classical and quantum technologies in the mentioned ar-
eas differ essentially in all aspects. IQT bases on coherence
and entanglement as operational resources [14]. Quantum re-
sources are very precious and irreplaceable, thus their usage in
single operational steps should be carefully optimized. NISQ
processors started to be used as computational coprocessors
in classical ICT systems, but so far only for a confined set of
problems [43]. Search goes on widening this set.

II. CMOS FOR IQT INTERFACE

Nowadays, the most of the Quantum Devices and Sys-
tems work under the cryogenic regime. These devices require
special casing and chambers to maintain the extremely low
temperatures. It is also needed to interface with existing in-
struments, like measurement units or control units. The need
for miniaturizing and reliability requires integration of parts,
working under very hard conditions. Application-specific in-
tegrated circuits (ASICs) can address this demand. Although
there is a continuing research on semiconductor qubits [6],
in this section only the classic electronics interface with is
discussed.

CMOS (Complementary Metal-Oxide-Semiconductor) tech-
nology is mature yet still developed semiconductor process.
Although the standard CMOS target is room temperature,
there is much effort put into characterizing and modeling
these devices’ cryogenic performance. CMOS technology can
reduce the number of complex interconnections between the
cryogenic chamber and room temperature world. It can result
in a more compact and reliable system [45]. To create a
chip for these applications, it is needed to develop an EDA
platform, known as Process Design Kit (PDK).

Typical PDK consists of valid models, device instances,
EDA tools setups (e.g., Design Rule Check), and detailed
documentation. Some manufacturers also provide prepared
cells (digital gates, memory cells) for automatic digital block
generation. Many of them include the I/O blocks with pads
and electrostatic discharge (ESD) protection. Availability of
generic analog cells (operational amplifiers, references or
other) is not obligatory but it speeds up the design process.

A. Models

There are plenty of CMOS PDKs with accurate room
temperature models on the market. Standard purpose CMOS
processes are characterized within (-40 °C; + 120 °C) range.
The Cryo-CMOS should be characterized under shallow tem-
perature, down to a few K. In this region, several effects should
be considered.

The broadening of the depletion region under the cryogenic
regime is observed [58]. This effect is caused by the incom-
plete ionization of dopants in bulk. In effect, the effective
dimensions of the transistor are modified, so its performance.

Furthermore, the carrier mobility rises with the lower tem-
perature; however, this rise is strongly correlated with the
channel length [58]. It can improve the dynamic performance
of the MOS transistors by pushing the cut-off frequency
higher. Another result of carrier mobility rise is the higher

© The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/), which permits use, distribution, and reproduction in any medium, provided that the Article is properly cited.
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drain current. Different models can be used for this task. Two
most popular are BSIM (industry-standard) and EKV [55].
While BSIM is more accurate (BSIM6.0), especially in the
deep submicron nodes [52], EKV requires less parameters to
achieve some acceptable fitness level. Even if the computa-
tional resources are rather large nowadays, this trade-off is
still worth consideration once the complex system simulation
is needed.

B. Devices

There are plenty of CMOS PDKs with accurate room tem-
perature models on the market. The Cryo-CMOS should be
characterized under shallow temperature, down to a few K. In
this region, the operation of MOSFET devices at extremely
low temperatures has many advantages. For example, the
carrier mobility and speed are enhanced, and the thermal noise
is lowered. There are also drawbacks, like hot-carrier effects,
which may lead to reduced reliability and device lifetime [49].
Although the physics in the discussed regime is well-known,
most of the IC EDA platforms do not allow to perform
valid simulations below 230 K because the devices are not
characterized in this region [58]. It should be pointed out that
both p-channel and n-channel devices (PMOS and NMOS)
have the same temperature dependencies.

In IQT, photodetectors can be used for the detection of
low power optical signal from photon-based qubit systems.
It can be used for interfacing data transmitting optical fibers
as well. CMOS processing allows embedding the photodiode
to the semiconductor structure, as in popular CMOS cam-
eras. Integration of the detector with a readout circuit can
improve signal to noise ratio (SNR) and minimize the size
of the entire system. In low temperatures, CMOS Avalanche
Photodiodes (APD) have generally lower quantum efficiency
but non-monotonic relative quantum efficiency. APDs have
higher forward burn-on voltage, higher drop voltage, and lower
reverse breakdown voltage [31]. Although the parameters are
different, it is reasonable to characterize and model these
devices to push the development of IQT further.

Passive devices, like resistors, capacitors, and inductors,
have different characteristics while cooled down. All types
of resistors (metalized, diffusion, and poly) have much lower
resistance in low temperatures [58]. The benefit is that the
interconnects are less resistive in low-temperature. On the
contrary, it is harder to achieve high-value resistors, often
required by the designers. Salicide block (SAB) resistors have
almost constant R-T dependency in low temperatures, which
can be useful in temperature-independent reference generators.

C. Circuits and Systems

Fig. 1 represents the potential scheme of the system. Once
there are available models of devices operating at discussed
conditions, correlated to the physical layout of the device, the
designer is capable of creating whole blocks. They can be used
for interfacing low temperature region with room temperature
world. From the system point of view, it could be profitable to
move some of the operation to this regime, once the specific
circuits would be designed and properly characterized. It may
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Fig. 1: Cryo-CMOS system applied in IQT - an idea

reduce the complexity of interconnections, reduce overall size
of the system and improve the reliability.

The low-noise amplifiers (LNAs) are used to amplify the
weak signal with lowest noise and distortion possible. The
line drivers are required to connect to room temperature
devices (like measurement devices with 50 inputs). A lot
of electronic circuits also need stable, process, voltage and
temperature (PVT) independent references, both voltages and
currents. Transimpedance amplifiers (TIAs) are used for high-
speed current to voltage signal conversion from the photodi-
odes. Such systems may work in radio frequencies (RF), so
typical blocks of RF signal chain can be required (like mixers
or local oscillators, LO).

Designing the analog-to-digital converters (ADCs) in the
cryogenics region can help capture the signal with lowest dis-
tortion possible. The counterpart, digital-to-analog converter
(DAC) can be used for control both the quantum electron-
ics as well as classical electronics. DACs are also the part
of successive-approximation (SAR) ADCs, which are golden
mean in terms of ADC parameters.

Since the amount of the data transmitted via Quantum
Devices is expected to be huge, it seems that some digital
domain operations should be performed in the low temperature
region, e.g. error-checking interfacing with room temperature
parts of the system. It may be beneficial to perform some
digital signal processing (DSP) on the signals. That fast data
stream may require some caching within on-chip memory.

IT11. ERROR-CORRECTED, FAULT-TOLERANT QUANTUM
SYSTEMS AND THE UNDERLYING CONTROL THEORY

There was a short way from the formalization of control
techniques, which had given rise to a control theory as a field
of applied mathematics, to the emergence of optimal control
as the key concept of this discipline. The strong interest in this
topic initiated by Pontryagin [41] proved to be a milestone in
technological and scientific research in general.

In quantum computing the optimal control is widely ex-
plored w.r.t. two concepts: correction of qubit errors and
fault tolerance of quantum operations. These control objectives
belong to different sections of a cascaded control system, with
sections respecting quantum computer layers as proposed by
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N. C. Jones [32]. In this section another, rather heuristic per-
spective is chosen where control of logical qubit is considered
with tighter relation with control of physical qubit.

A. Single qubit and quantum gates control aspects

Error correction is term related to both physical and logical
qubits. As a design principle it is realized via encoding of sin-
gle quantum state into a whole system of physical qubits which
yields additional degrees of freedom. Additional degrees of
freedom present in such system can be used to accomplish
detection and correction of errors. Those in turn arise due to
partial decoherence of a system of physical qubits [26] and
represent as a whole an instance of logical qubit [23]. The
problem of qubit control is therefore considered on two levels:
control of the whole quantum system defining the logical qubit
and direct control of individual physical qubits. The additional
layer of abstraction associated with the former allows for intro-
duction of more advanced control methods [13]. On the other
hand the implementation-specific nature of the latter currently
tends to better exploit the characteristics of an underlying
physical quantum system [36].

The control theory behind quantum gates has been pushed
towards more advanced methods by Eastin-Knill theorem [22]
which effectively rules out the existence of a universal quan-
tum computer composed solely of transversally implemented
logical unitary operations [60]. Ever ince then, there is a
constantly growing interest not only in circumventing the
use of non-Clfford gates via magic states but also in more
advanced methods of error correction and fault tolerance im-
plementation [60].

B. Error correction and fault tolerance in terms of the optimal
control

The main body of novel work done on the topic of error
correction retains strong ties with optimal control. In 2007
Branczyk et al. [7] presented optimal solution for denoising
of two-level quantum system based on optimization of convex,
fidelity-based objective function. In the same paper a family
of classical control methods - namely “discriminate and repra-
pare” and “do nothing” strategies - are also analyzed in terms
of optimal control. A recent study of T. Shibata et al. [48]
exemplifies an interesting shift in the system optimization
techniques, where an optimal control is applied to quantum
gates on the basis of realistic models of molecular spin qubits.

Geometric Quantum Computation is a recent example of
the same trend for quantum gates [12] [16] and is posing an
interesting technoscientific challenge due to the discrepancy
between its theoretical robustness w.r.t. control errors and cur-
rent problems with environmentally induced decoherence [13].
The importance of physical level events for the logical level
systems is clearly visible in this topic.

C. From local to global optimization

While distinguishing between concepts of physical and
logical layers seems very natural and desirable in quantum
computer, their existence is not so obvious from the control

system’s perspective. In more recent publications one can
observe emergence of more detailed physical descriptions
of qubits inside models of whole logical gates [12]. This
suggests that construction of a universal quantum computer
calls for a shift in perspective — possibly the needed level of
precision together with overall sensitivity of quantum systems
is enough to force the use of control methods based on global
optimization.

Subsystem-oriented approach resulting in decoupled and/or
cascaded control schemes may in the long run hinder the
possibility of achieving high qubit fidelity with the error in
range of 10™* [29] and below as well as further advancing
decoherence time. Alternatively, such approach can provide
valid solution at the expense of low logical system dynamics
as even interference from control electronics itself can become
problematic in quantum systems [57]. Thus global, possibly
even multi-objective optimization may become crucial aspect
of control system design for logical qubits and quantum gates,
being the strongest solution able to satisfy broad spectrum of
requirements set on quantum processors. If this should be the
case, an interesting problem then emerges whether classical
electronics will be able to accomplish control schemes for
such distributed problems in real time. Negative answer to this
question can be a spur to use high speed quantum systems —
initially NISQs — as a control platform for a larger and/or more
precise quantum systems. Possibly in the future besides ancilla
there will be also a place for control qubits in a partially self-
regulating, error-correcting and fault-tolerant systems. This
would allow quantum computers to retain an elegant analogy
to the evolution of classical computers with analog circuitry
serving the supportive role in larger digital systems. Regardless
of a specific nature of their future implementations, quantum
computers can become a strong incentive for popularization of
advanced state-space optimal control methods in other areas
of technoscience.

IV. QUANTUM TIME SERIES FORECASTING

Time series are a popular kind of datasets, in which every
sample contains information about time it was measured or
created. In most cases, these samples come from sequential
measures or observations. Example time series datasets may
include:

« weather data - i.e. wind and temperature changes

« financial data - i.e. stock and asset prices

« credit card transactions of a given user

« voltage and current measurements in an electrical circuits
Essentially, any dataset with sequential timestamps may be
considered a time series.

In this section, we will focus mainly on time series fore-
casting, as it is the application to which quantum computing
techniques are applied with success.

A. Time series forecasting task

Formally, a time series dataset may be defined as a se-
quence:
(z),xs eER™Et=1,...,n 1)
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where z; is a sample containing m real values, called features,
for time ¢, and n is the number of samples in time series [25].
A value of the given feature at the given time is x%.

Time series forecasting uses historical time series data to
predict future values in the series. This may be defined as
follows:

Y(t+i,..t+j) = f(x(t—l,...,t,—k)79) 2
where:
e j—i+1 € N define output window width - number of
time steps being predicted.
e | —k+ 1 € N define input window width - number of
time steps being used to make predictions.
o 0 represent parameters of the approximator used to make
predictions, i.e. weights in neural network model.
« f is an approximation function represented by the model,
used to make predictions based on time series samples.
e ¢ is a prediction returned from the model.
For example, if we would like to forecast the weather for the
next 6 hours from now using data from the previous 12 hours,
we would have i =0,j =5,m=1,n=12.

B. Classical forecasting methods

Many classical forecasting methods utilize statistics to make
predictions. In the case of financial series, technical and
fundamental analysis techniques are also used. Examples of
such methods include exponential smoothing, moving average,
autoregression, and their combinations, such as Autoregres-
sive [Integrated] Moving Average (AR[I]MA) and [General-
ized] Auto-Regressive Conditional Heteroskedasticity model
([GJARCH) [15].

Recently, machine learning models, such as random forests,
are used in time series forecasting, achieving good results
[10]. Also, deep neural networks, especially recurrent and
attention-based, gain more popularity, due to their general-
ization abilities and increased computing capabilities [38]. In
some applications, hybrid models using both statistical and
machine learning methods achieve the best results [30].

Looking at the progress of classical time series forecasting
methods, it is clear that the next step in evolution of these
methods is quantum computation.

C. Time series forecasting - quantum computing applications

Time series forecasting may be realized using qubit neu-
ral networks (QNNs). First QNN models were modelled as
complex neural networks, working similarly to artificial neural
networks, but with complex numbers. They were able to
match performance of simple artificial neural networks and
ARIMA models [3]. Now, qubit neural networks are based on
parametrized quantum circuits (PQCs) [4]. Forward propaga-
tion in such QNN is fully quantum and PQCs gate param-
eters are learned with classical back propagation algorithms.
QNNS built on top of parametrized quantum circuits are able
to achieve equal or even better results than state-of-the-art
recurrent neural networks. These QNN also have significantly
less learned parameters than their artificial neural network
counterparts, making them less susceptible to overfitting [24].

Quantum methods are also utilized in fuzzy time series fore-
casting. In fuzzy datasets, values are split into some sets, for
which intervals are not known. In [51], the authors presented
a hybrid method connecting quantum computations and linear
programming for fuzzy time series datasets. [50] introduced a
quantum method that achieves better results on fuzzy datasets
than state-of-the-art fuzzy forecasting methods. Another use of
quantum computing is for parameter optimization for classical
time series forecasting methods [27].

V. QUANTUM REINFORCEMENT LEARNING

Reinforcement learning is an area of artificial intelligence.
It focuses on creating agents that make decisions based on
the current state of the environment to perform specific tasks
in a way that maximizes both short- and long-term rewards.
Current and potential applications include notably robot con-
trol [34], bots for video games [46], and natural language
processing [56].

Reinforcement learning methods meet a number of chal-
lenges that prevent or make it difficult to apply them for real-
world problems. However, some of these problems, such as
the exploration-exploitation balance [20] may be mitigated by
the use of Quantum Information Processing (QIP) systems via
the use of Quantum Reinforcement Learning (QRL) methods
[18]. Furthermore, [18] shows that QRL can offer quadratic
increase in learning speed as compared to classical reinforce-
ment learning, and the speedup of some methods can be even
exponential for some settings [21].

An important feature of current quantum computers is the
probability of the occurrence of errors during computations
[39], which is a serious obstacle to fully employing quantum
computers [44]. This phenomenon however can be beneficial
and enhance the learning process when using QRL methods
[28].

A. Classical Reinforcement Learning framework

The framework for reinforcement learning is that of the
Markov Decision Process. It is defined by a set of states .S,
a set of actions A, initial state probability Pp(s), state transi-
tion probabilities conditional on actions P(s;+1]s¢, at), and a
reward function R(ay, s¢). The agent is defined by a decision
policy 7(als) that for each state defines probabilities of each
action. The goal of the reinforcement learning process is to
find a decision policy that maximizes the expected rewards
[33].

B. Quantum Reinforcement Learning framework

The framework for quantum reinforcement learning meth-
ods reflects that of the framework for classical RL methods,
but with either policy and/or the decision process realized
using quantum circuits.

A quantum environment may be organized as follows. An
observable of a quantum system is selected. The eigenvectors
of this observable form a set of complete orthogonal bases.
The eigenvectors are called eigen states and correspond to the
states of a classical reinforcement learning environments. A
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quantum state |S) is defined as a superposition of eigen states
[sn)
|S> = Zan ‘Sn> 3)
n

where «, are the probability amplitudes of the corresponding
eigen states, constrained by

Z\an|2 =1 )

Analogously, eigen actions of an observable correspond to
the classical reinforcement learning actions. A quantum action
|A) is defined as a superposition of eigen actions |a,,)

‘A> = Zﬁgm ‘am> (5)

with probability amplitudes [3,,, being constrained by
> Bul =1 ©6)
m

[18].

The action can also be represented by a parameterized
unitary U (6) on state |s), where 6 is a parameter, thus allowing
a quantum environment realization to have continuous action
space [59].

One approach to storing a reward is to use classical register
[18]. Another approach replaces classical reward registers
with quantum register |r;) for calculating the quantum reward
function. It is updated using a functional f, a unitary U,., and
measurement observable M with a reward for the time step
t + 1 being calculated as follows

reen = f((se| (O UT(0)UIMUU(07)10) |se)) (1)
where f, U, and M are selected for the specific problem [59].

C. QRL algorithms

« An approach introduced in [18] implements the policy
for a quantum environment by storing quantum actions
in a single quantum register for each eigen state of the
environment. Whenever the action |A) is measured, it
randomly collapses into an eigen action |a,,) with the
probability |3,,|?. Furthermore, the efficiency of explo-
ration is increased by the state and action being in a su-
perposition state. This way, the algorithm provides good
balance between exploration and exploitation based on
the physical properties of the underlying quantum system.
An additional quantum register is used to save |A) to
prevent the memory loss associated with the collapse.
The initial probability amplitudes are equal. The proposed
QRL algorithm works by amplifying the probabilities of
the actions that provide better rewards using the Grover
algorithm.

« A similar approach was used to improve the classical RL
methods. A fair quantum model of an environment was
used as an oracle. This algorithm was able to outperform
classical algorithms on tested benchmark problems by
utilizing the quantum parallelism. It was able to search
faster for rewarding action sequences using the Grover
algorithm. [21].

« Introduction of the Variational Quantum Circuits [19] al-
lowed another approach to quantum reinforcement learn-
ing. A number of classical reinforcement learning al-
gorithms were adapted to utilize Variational Quantum
Circuits as Quantum Neural Networks, including Deep Q-
Learning [11], Deep Deterministic Policy Gradient [59]
and Proximal Policy Optimization [35]. Such approach
allows to use inherent uncertainty of NISQ circuits for
exploration.

D. QRL applications

Quantum reinforcement learning, similarly to reinforcement
learning, can be used as a model for analyzing learning process
and decision making of humans and animals, with quantum
approach giving promising results for explaining human deci-
sion making [37].

A dedicated quantum reinforcement algorithm was also
applied to a task of cloning an unknown state, a critical task
required for many applications of quantum computing. This
approach allowed to obtain high fidelity copies with relatively
low cost when compared to the usual method used for this
task i.e., tomography [47].

VI1. INFLUENCE OF IQT ON BIOMEDICINE (MACIEJ’S
SECTION)

Quantum technologies are a very promising field of research
in terms of biomedical applications. The main hopes for
quantum technologies relate to the sequencing of the human
genome, aid in the diagnosis, personalization of treatment
using artificial intelligence and drugs discovery [8].

A. Molecular biology

Better understanding the human genome is a challenge
scientists take to understand the causes of cancer, diseases
risk factors, or to personalize medical treatment. Currently
computing the DNA-profile of an individual person takes about
one week with big computational power in use. With quantum
computing, this process could be significantly accelerated as
input data would be analyzed in parallel as a superposition
of wave function [5]. In genomics, it is popular to use hid-
den Markov models (HMM) for the structural annotation of
genes. The quantum version of this algorithm, hidden quantum
Markov models (HQMM) has already been proposed. The
usage of quantum properties allows for modeling the data
with fewer hidden states than classical HMM [54]. Differ-
ent quantum algorithms might be applied in many branches
of molecular biology. In tasks of gene sequencing besides
HQMM also Grover’s algorithm and quantum least-squares
algorithms are also very promising techniques, which may lead
to development in the field and in the long term perspective
of personalized medicine based on individuals’ DNA [42].

B. Drug discovery

The process of drug discovery is not only very expensive
but also time-consuming. Currently, the process of computer-
aided drug design begins with modeling interactions between
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the drug candidates and biological target and estimating the
parameters of molecules such as absorption, distribution,
metabolism, extraction and toxicity. Those calculations de-
mand very high computational power and are time-consuming.
The usage of quantum computers could not only accelerate
computations but also create opportunities for modeling which
is impossible using classical computers [9]. An example of the
algorithm which can help in modeling molecules structure and
chemical reactions is variational quantum eigensolver (VQE)
[2]. It is a hybrid quantum-classical algorithm that minimizes
the energy of the Hamiltonian, which was proposed to omit the
limitation of the quantum phase estimation algorithm, which
demands hardware much more advanced than present quantum
computers. This algorithm is based on the following steps [17]:
1) Construction of fermionic Hamiltonian
2) Representation of fermionic Hamiltonian as a sum of
Paulis strings (mapping into qubit Hamiltonian)
3) Generation of ansatz with initial parameters 0
4) Computation of the energy of Hamiltonian on a quantum
computer
5) Summation of calculated energies on a classical com-
puter and update of the parameters O based on a chosen
optimization algorithm.
6) Steps 4 and 5 are repeated until the convergence criterion
is met.

C. Diagnostics

Quantum computing might also be a breakthrough in
computer-aided diagnostics (CAD) as it allows for a speedup
of calculations of many conventional machine learning al-
gorithms, which are broadly used in CAD systems. In the
imaging diagnostics techniques like MRI or CT CAD systems
often use convolution neural networks (CNN) for images
analysis [53]. Thanks to the usage of quantum computing
the time complexity of CNN could be reduced from O(N)
(using classical computers) to O(logN) [40]. Another algo-
rithm that finds application in medicine is Bayesian deep
learning, which is used for image classification, segmentation
and reconstruction, analysis of electronic health records and
classification tasks in different diseases [1]. Its computational
complexity on a classic computer is equal to O(N), while
with a quantum computer it can be reduced to O(v/N) [40].
Quantum computing could be also beneficial for genetic data
analysis as it allows for the reduction of time complexity to
O(log(N)) in the case of algorithms such as PCA and SVM
which are commonly used for this type of data and their time
complexity for the classical computer is equal to O(N) and
O(N?) or O(N?) respectively [40].

VII. CONCLUSIONS

From the above collection of analyzes of relations between
specific branches of ICT and IQT one can draw a conclusion
that quantum computing is far from reaching the state of
maturity. This is especially obvious when considering the
proliferation of articles related to this topic published in a
broad range of journals. What possibly makes IQT such an
scientifically attractive topic is its ability to not only raise new

knowledge in its own merit, but also induce advancements
in the related fields when they are mutually applied to one
another.

Quantum computing benefits both from new and well-
established technologies stemming from other fields of techno-
science. This blend of state-of-the-art and new methods may
strengthen further the scientific strive for quantization.

The ongoing improvement of both quantum hardware and
algorithms allow new practical applications of IQT to emerge.
The analyzes presented in this paper suggest that this de-
velopment is gaining momentum at an unprecedented scale.
On the other hand those advancements’ undeniably limited
visibility outside of a pretty confined scientific group can
possibly provide a clue to the contemporary direction of IQT’s
development as specialized tool for scientific and military
purposes, outside of reach of consumer electronics in general.
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