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Cast A: Uvod a organizace

Tento dokument je sbirkou cviceni a komentovanych piikladti zdrojo-
vého koédu. Kazda kapitola odpovida jednomu tydnu semestru, a pro-
cvicuje latku probranou na predndsce v predchozim tydnu. Cviceni
v prvnim tydnu semestru (,nulté") na Zaddnou prednasku nenavazuje,
je urceno k seznameni se s vyukovym prostredim, studijnimi materidly
a zadkladnimi ndastroji ekosystému.

Kazdd ¢ast sbirky (zejména tedy véechny ukdzky a priklady) jsou také
k dispozici jako samostatné soubory, které muzete upravovat a spous-
tét. Této rozdélené verzi sbirky fikdme zdrojovy balik. Aktualni verzit
(ve véech variantach) mtizete ziskat dvéma zptisoby:

1. Ve studijnich materidlech? predmétu v ISu - soubory PDF ve sloZce
text, zdrojovy balik ve slozkach 00 (organizac¢ni informace), 01 aZ
12 (jednotlivé kapitoly = tydny semestru), ddle sl aZ s3 (sady uloh)
a konecné ve slozce sol vzorova feseni. Doporucujeme soubory
stahovat davkovée pomoci volby ,stdhnout jako ZIP"

2. Po ptrihldseni na studentsky server aisa (bud za pomoci ssh
nebo putty) zaddnim piikazu pb161 update. Véechny vyse uvedené
slozky pak naleznete ve slozce ~/pb161.

Tato kapitola (slozka) dale obsahuje zdvazné organiza¢ni pokyny. Nez
budete pokracovat, pozorné si je prosim prectéte.

Cast A.1: Piehled

Tento predmeét sestava z predndsek, cviceni, sad domacich tloh a za-
vérecné zkousky. ProtoZe se jednd o ,programovaci‘ predmét, vétsina
prace v pfedmétu - a tedy i jeho hodnoceni - se bude zamérovat na
praktické programovdni. Je dulezité, abyste programovali co mozna nej-
vice, idedlné kazdy den, ale minimalné nekolikrat kazdy tyden. K tomu
Vam budou slouzit priklady v této sbirce (typicky se bude jednat o velmi
malé programy v rozsahu jednotek az desitek radku, kterych byste
méli byt v prameéru schopni vyrtesit nékolik za hodinu) a domaci ulohy,
kterych budou za semestr 3 sady, a budou znatelné vétsiho rozsahu
(maximalné malé stovky radku). V obou pripadech bude v prubéhu se-
mestru stoupat narocnost - je tedy dtilezité, abyste drzeli krok a préci
neodklddali na posledni chvf{li.

ProtoZe programovani je tézké, bude i tento kurz téZky - je zcela ne-
zbytné vloZit do néj odpovidajici Usili. Doufame, Ze kurz uspésné ab-
solvujete, a co je duilezitéjsi, Ze se v ném toho naucite co nejvice. Je ale
nutno podotknout, Ze i pres svou naroc¢nost je tento kurz jen malym
krokem na dlouhé cesté.

[

Studijni materialy budeme tento semestr doplnovat prabézné, protoze kurz prochdzi zasadni
reorganizaci. NeZ zacnete pracovat na pripravach nebo prikladech ze sady, vzdy se prosim
ujistéte, ze mate jejich aktudlni verzi. Zadani priprav lze povazovat za findlni po¢inaje ptilnoci
na pondéli odpovidajiciho tydne, sady podobné ptilnoci na prvni pondéli odpovidajiciho bloku.
Pro prvni tyden tedy 13.2.2023 0:00 a prvni sadu 20.2.2023 0:00.

2 https://is.muni.cz/auth/el/fi/jaro2023/PB161/un/
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A.1.1 Probirana témata Predmeét je rozdélen do 4 bloku (¢tvrty blok
patti do zkouskového obdobi). Do kazdého bloku v semestru patti 4
prednasky (témata) a jim odpovidajici 4 cvic¢eni. Pozor! Cviceni jsou
vUci prednaskdam posunuta o tyden: prvni prednaska druhého bloku
je tedy ve stejném tydnu jako posledni cvi¢eni prvniho bloku.

bl. téma predndska
1| 1. funkce,jednoduché hodnoty, reference 14.2.
2. sloZzené hodnoty 21.2.
3. vlastni metody a operdtory 28.2.
4. zivotni cyklus hodnot, vlastnictvi 7.3.
2 | 5. ukazatele 14.3.
6. dédi¢nost, pozdni vazba 21.3.
7. vyjimky, princip RAII 28.3.
8. lexikdlni uzaveéry, dalsi operdtory 4.4.
3| 9. souctové typy 11.4.
10. knihovna algoritmt 18.4.
11. Tfetézce 25.4.
12. vstup a vystup 2.5.
- | 13. bonusy, opakovani 9.5.

A.1.2 Organizace sbirky V ndsledujicich sekcich naleznete detailnéjsi
informace a zdvazna pravidla kurzu: doporu¢ujeme Vam, abyste se
s nimidtikladné sezndmili. Zbytek sbirky je pak rozdélen na ¢asti, které
odpovidaji jednotlivym tydntim semestru. Dutilezité: béhem prvniho
tydne semestru uz budete resit pripravy z prvni kapitoly, prestoze
prvni cvicéeni je ve aZ v tydnu druhém. Nulté cvicent je volitelné a nenf
nijak hodnoceno.

Kapitoly jsou ¢islovdny podle predndsek, na které navazuji: ve druhém
tydnu semestru se tedy ve cviceni budeme zabyvat tématy, ktera byla
probrana v prvni predndsce (to je ta, kterd probéhla v prvnim tydnu
semestru), a ke kterym jste v prvnim tydnu vypracovali a odevzdali
pripravy.

A.1.3 Plan semestru Tento kurz vyzaduje znacnou aktivitu béhem
semestru. V této sekci naleznete prehled dtleZitych udalosti formou

kazdé naleznete v ndsledujicich odstavcich tohoto ivodu):

e pred X" - predndska ke kapitole ¢. X,

e cvic 0" - prvniden ,nultych” cviceni,

e cvic 1" - prvniden cviceni ke kapitole 1,

o X/v'-mezivysledek verity testt priprav ke kapitole X,
e X/p"-posledni termin odevzdani priprav ke kapitole X,
e sX/Y"-Yté kolo verity test k sadé X.

posledni termin odevzdani uloh ze sad (oboji vzdy o 23:59 uvedeného
dne).
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unor
Po Ut St Ct P4 So Ne
13 14 15 16 17 18 19
cvicO | pred1l 01/v 01/p
20 21 22 23 24 25 26
cvic 1 pred2 |sl/2 02/v s1/3 02/p
27 28
s1/4 pred 3
brezen
Po Ut St Ct P4 So Ne
1 2 3 4 5
s1/5 03/v s1/6 03/p
6 7 8 9 10 11 12
s1/7 pred4 |s1/8 04/v s1/9 04/p
13 14 15 16 17 18 19
s1/10 pred5 |s1/11 05/v s1/12 05/p
20 21 22 23 24 25 26
s2/1 pred 6 | s2/2 06/v s2/3 06/p
27 28 29 30 31
s2/4 pred7 |s2/5 07/v s2/6
duben
Po Ut St Ct Pa So Ne
1 2
07/p
3 4 5 6 7 8 9
s2/7 pred 8 |s2/8 08/v s2/9 08/p
10 1 12 13 14 15 16
s2/10 pred 9 |s2/11 09/v s2/12 09/p
17 18 19 20 21 22 23
s3/1 pred 10 | s3/2 10/v s3/3 10/p
24 25 26 27 28 29 30
s3/4 pred 11 |s3/5 /v s3/6 1/p
kvéten
Po Ut St Ct P4 So Ne
1 2 3 4 5 6 7
s3/7 pred 12 | s3/8 12/v s3/9 12/p
8 9 10 11 12 13 14
s3/10 pred 13 | s3/11 s3/12

Cést A.2: Hodnoceni

Abyste predmét uspésné ukoncili, musite v kazdém bloku?® ziskat 60
bodt. Zadné daléf pozadavky nemdme.

Vyslednd znamka zavisi na celkovém souctu bodu (splnite-li potfeb-
nych 4x60 bodu, automaticky ziskdte znamku alespon E). Hodnota
ve sloupci ,predbézné minimum"“ danou zndmku zarucuje - na konci
semestru se hranice jesté mohou posunout smérem dolt tak, aby vy-
sledna stupnice priblizné odpovidala o¢ekdvané distribuci dle ECTS.4

3 Mate-li predmeét ukoncen zdpoctem, ¢tvrty blok a tedy ani zavérecny test pro Vas neni rele-
vantn{. Plati poZzadavek na 3x60 bodu z blokt v semestru.

4 Percentil budeme pocitat z bodli v semestru (prvni tii bloky) a bude brat do uvahy vsechny
studenty, bez ohledu na ukonceni, ktef{ splnili tyto tfi bloky (tzn. maji potfebné minimum
3x60 bodu).
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znamka | predbézné minimum | po vyhodnoceni semestru
A 409 90. percentil + 60
B 348 65. percentil + 60
C 301 35. percentil + 60
D 265 10. percentil + 60
E 240 240

Body lze ziskat mnoha raznymi zptisoby (presnéjsi podminky nalez-
nete v ndsledujicich sekcich této kapitoly). V blocich 1-3 (probihaji bé-
hem semestru) jsou to:

e zakazdou uspésné odevzdanou pripravu 1 bod (max. 6 bodu kazdy
tyden, nebo 24/blok),

e zakazdou pripravu, kterd projde ,verity" testy navic 0,5 bodu (max.
3 body kazdy tyden, nebo 12/blok),

e zaUcast® na cviceni ziskate 3 body (max. tedy 12/blok),

e za aktivitu ve cviceni 3 body (max. tedy 12/blok).

Za pripravy a cviceni lze tedy ziskat teoretické maximum 60 bodu.
Déle mutzete ziskat:

e 10 bodu za uspésné vyreseny priklad ze sady domdcich uloh (cel-
kem vzdy 60/blok).

V blocich 2-4 navic mtiZete ziskat body za kvalitu reseni prikladti ze
sady uloh predchoziho bloku:

o za kvalitu kédu max. 5 bodli za priklad (celkem 30/blok).

Konecné blok 4, ktery patti do zkouskového obdobi, nema ani cviceni
ani sadu domadcich uloh. Krom bodu za kvalitu kédu ze treti sady lze
ziskat:

e 15bodu za kazdy zkouskovy priklad (celkem 90/blok).

Celkoveé tedy potrebujete:

e blok 1: 60/120 bodt,
e blok 2: 60/150 bodu,
e blok 3: 60/150 bodu,
e blok 4: 60/120 bodt (neplati pro ukonc¢eni zapoctem).

Cast A.3: Ptipravy

Jak jiZz bylo zminéno, chcete-li se naucit programovat, musite progra-
movani vénovat nemalé mnozstvi ¢asu, a navic musi byt tento ¢as roz-
loZen do delsich obdobi - semestr nelze v zddném pripadé dobéhnout
tim, Ze budete tyden programovat 12 hodin denné, i kdyz to mozna
pokryje potfebny pocet hodin. Proto od Vas budeme chtit, abyste kazdy
tyden odevzdali nékolik vyresenych priklada z této sbirky. Tento po-
Zadavek ma jesté jeden dtivod: chceme, abyste vZdy v dobé cviceni
uz meéli latku kazdy samostatné nastudovanou, abychom mohli resit
zajimavé problémy, nikoliv opakovat zdkladni pojmy.

Také Vas prosime, abyste priklady, které planujete odevzdat, resili vzdy
samostatné: pripadnou zakdzanou spolupraci budeme trestat (viz také
konec této kapitoly).

A.31 Odevzdani Kazdy priklad obsahuje zakladni sadu testti. To, Ze
Vam tyto testy prochdzi, je jediné kritérium pro zisk zédkladnich boda
za odevzdani ptriprav. Poté, co ptiklady odevzddte, budou tytéz testy
na Vasem reseni automaticky spustény, a jejich vysledek Vam bude
zapsan do poznamkového bloku. Smyslem tohoto opatfeni je zamezit
pripadtm, kdy omylem odevzdate nespravné, nebo jinak nevyhovujici

V ptipadé, Ze jste fadné omluveni v ISu, nebo Vase cviceni odpadlo (napt. padlo na statni
svatek), muzete body za ucast ziskat bud nahradou v jiné skupiné (pro statni svatky dosta-
nete instrukce mailem, individudlni ptipady si domluvte s cvicicimi obou dotéenych skupin).
NemtiZete-li ucast nahradit takto, domluvte se se svym cvicicim na vypracovani 3 rozsirenych
prikladti ze sbirky (pfesné detaily Vam sdéli cvicici podle konkrétni situace). Neomluvenou ne-
ucast lze nahrazovat pouze v jiné skupiné a to max. 1-2x za semestr.
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reseni, aniZ byste o tom védéli. Velmi silné Vam proto doporucujeme
odevzdavat s urcitym predstihem, abyste pripadné nesrovnalosti méli
jesté cas vyresit. Krom zakladnich (,sanity”) testtl pak ve ¢tvrtek o
23:59 a znovu v sobotu 0 23:59 (tésné po konci odevzdavani) spustime
rozsirenou sadu testt (,verity").

Za kazdy odevzdany ptiklad, ktery splnil zdkladni (,sanity") testy zis-
kavéte jeden bod. Za priklad, ktery navic splnil rozsitené testy ziskate
dalsiho 0,5 bodu (tzn. celkem 1,5 bodu). Vysledky testt1 naleznete v
pozndamkovém bloku v informacénim systému.

Priklady mutZete odevzdavat:

1. doodevzdavarny s navem NN v ISu (napft. 01),
2. prikazem pbl161 submit ve slozce ~/pb161/NN.
Podrobné;jsi instrukce naleznete v kapitole B.

A.3.2 Harmonogram Terminy pro odevzdani priprav k jednotlivym
kapitoldm jsou shrnuty v ndsledujici tabulce:

bl. | kapitola | prednaska | verity | termin
1 1 14.2. 16.2. | 18.2.
2 21.2. 232. | 25.2.
3 28.2. 2.3. 4.3.
4 7.3. 9.3. 11.3.
2 5 14.3. 16.3. | 18.3.
6 24.3. 23.3. | 25.3.
7 28.3. 30.3. 1.4.
8 4.4, 6.4. 8.4.
3 9 11.4. 134. | 15.4.
10 18.4. 20.4. | 22.4.
11 25.4. 27.4. | 29.4.
12 2.5. 4.5. 6.5.

Cast A.4: Cviceni

ucit se programovat znamend zejména hodné programovat. Spolecna
cviceni sice nemohou tuto praci nahradit, mohou Vam ale presto v lec-
¢em pomoct. Smyslem cviceni je:

1. analyzovat problémy, na které jste pri samostatné domaci praci
narazili, a zejména prodiskutovat, jak je vyresit,

2. Ttesdit programdatorské problémy spolecné (s cvicicim, ve dvojici, ve
skupiné) - nahlédnout jak o programech a programovani uvazuji

ostatni a uzite¢né prvky si osvojit.

Cvicenti je rozdéleno na dva podobné dlouhé segmenty, které odpovidaji
témto bodum. Prvni ¢ast probihd priblizné takto:

e cvicici vybere ty z Vami odevzdanych priprav, které se mu zdaji
necim zajimavé - at uz v pozitivnim, nebo negativnim smyslu,

o TeSeni bude anonymné promitat na platno a u kazdého otevie
diskusi o tom, ¢im je zajimavé;

o Vasim ukolem je aktivné se do této diskuse zapojit (mtiZzete se
napriklad ptat proc je dana véc dobre nebo Spatné a jak by se
udélala lépe, vyjadrit svtij nazor, odpovidat na dotazy cviciciho),

ok promitnutému reseni se mtiZete prihlasit a ostatnim pribliZit,
proc je napsané tak jak je, nebo klidné i rozporovat ptipadnou
kritiku (neni to ale viibec nutné),

e ddle podobnym zptisobem vybere vzdjemné (peer) recenze, které
jste v predchozim tydnu psali, a stru¢né je s Vami prodiskutuje
(celkovou strukturu recenze, proc je ktery komentar dobry nebo
nikoliv, jestli néjaky komentaf chybi, atp.) - opét se mtZete (resp.
byste se méli) zapojovat,

* na Vasi Zadost Ize ve cviceni analogicky probrat netspéesna reSeni
prikladua (a to jak priprav, tak priklada z uzavienych sad).

Druha ¢ést cviceni je variabilngjsi, ale bude se vzdy tocit kolem bodt
za aktivitu (kazdy tyden muiZete za aktivitu ziskat maximalné 3 body).
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Ve ¢tvrtém, osmém a dvandctém tydnu probéhnou ,vnitrosemestralky*
kde budete resit samostatneé jeden priklad ze sbirky, bez moznosti hle-
dat na internetu - tak, jak to bude na zkousce; kazdé uispesné reseni
(tzn. takové, které splni verity testy) ziska ony 3 body za aktivitu pro
dany tyden.

V ostatnich tydnech budete ve druhém segmentu kombinovat rtizné
aktivity, které budou postavené na prikladech typu r z aktualni kapi-
toly (které konkrétni priklady budete ve cviceni resit vybere cvicici,
mutize ale samozrejmeé vzit v potaz Vase preference):

¢ muzete se prihlasit k reseni prikladu na pldtné, kdy primarné vy-
myslite feseni Vy, ale zbytek tridy Vam bude podle potreby radit,
nebo se ptat co/jak/proc se v feSeni deje,

e cvicici Vam mutiZe zadat préci ve dvojicich - prvni dvojice, ktera se
dopracuje k funkénimu reseni ziska moznost své reseni predvést
zbytku ttidy - vysvétlit jak a pro¢ funguje, odpoveédét na pripadné
dotazy, opravit chyby, které v feSeni publikum najde, atp. - a ziskat
tak body za aktivitu,

o priklad mtiZete také resit spole¢né jako skupina - takto vymysleny
kod bude zapisovat cvicici (body za aktivitu se v tomto pripadé
neudéluji).

Cast A.5: Sady domadcich tloh

Ke kazdému bloku patfi sada 6 domdcich uloh, které tvori vyznamnou
¢ast hodnoceni predmeétu. Na uspésné odevzdani kazdé domaci ulohy
budete mit 12 pokusti rozlozenych do 4 tydnt odpovidajiciho bloku
cviceni. Odevzdavani bude otevieno vzdy v 0:00 prvniho dne bloku
(tzn. 24h pted prvnim spusténim verity testa).

Terminy odevzdani (vyhodnoceni verity testt) jsou vZdy v pondéli,
stfedu a pdtek v 23:59, dle nasledujiciho harmonogramu:

sada | tyden | pondéli streda patek
1 1 202, 222. 24.2.
2 27.2. 13. 33

3 6.3. 8.3. 10.3.

4 133. 153, 1783

2 1 20.3. 12.3. 14.3.
2 273.  293. 313.

3 3.4. 54. 7.4

4 104. 12.4. 144,

3 1 174. 194, 214.
2 24.4. 264, 28.4.

3 1.5. 3.5. 55.

4 85. 105 125.

A.51 Odevzdavani Soucasti kazdého zadan{ je jeden zdrojovy soubor
(kostra), do kterého své reseni vepisete. Vypracované piiklady l1ze pak
odevzdavat stejné jako pripravy:

1. doodevzdavarny s navem sN_ukol v ISu (napt. s1_a_queens),
2. prikazem pb161 submit sN_ukol ve slozce ~/pbl161/sN, napt. ph161
submit sl_a_queens.

A.5.2 Vyhodnoceni Vyhodnoceni Vasich reseni probihd ve trech fa-
zich, a s kazdou z nich je spjata sada automatickych testt. Tyto sady

jsou:

« syntax" - kontroluje, Ze odevzdany program je syntakticky
spravne, lze jej prelozit a prochdzi kontrolou programem clang-
tidy,

e sanity” - kontroluje, Ze odevzdany program se chova ,rozumné”
na jednoduchych pripadech vstupu; tyto testy jsou rozsahem a
stylem podobné tém, které mate prilozené k prikladtim ve cvicent,

o verity" - dukladné kontroluji spravnost reseni, véetné slozitych
vstupt a okrajovych pripadt, a kontroly pamétovych chyb nastro-

19. brezna 2023



jem valgrind.

Fdze na sebe navazuji v tom smysluy, ze nesplnite-li testy v nékteré fazi,
z4adna dalsi se uz (pro dané odevzdani) nespusti. Pro splnéni domaci
ulohy je klicova faze verity", za kterou jsou Vam udéleny body. Casovy
plan vyhodnocen{ fazi je nasledovny:

e kontrola ,syntax“ se provede obratem (do cca 5 minut od ode-
vzdani),

e kontrola ,sanity" kazdych 6 hodin po¢inaje ptilnoci (tzn. 0:00, 6:00,
12:00, 18:00),

e kontrola ,verity" se provede v pondéli, stfedu a patek ve 23:59 (dle
tabulky uvedené vyse).

Vyhodnoceno je vZzdy pouze nejnovéjsi odevzdani, a kazdé odevzdani
je vyhodnoceno v kazdé fazi nejvyse jednou. Vysledky naleznete v po-
znamkovych blocich v ISu (kazda uloha v samostatném bloku), pri-
padné je ziskate prikazem pb161 status.

A.5.3 Bodovani Za kazdy domdci ukol, ve kterém Vase odevzdani v
prislusném terminu splni testy ,verity*, ziskdte 10 bodu.

Za stejny ukol mate ddle moznost ziskat body za kvalitu kodu, a to vzdy
v hodnoté max. 5 bodt. Body za kvalitu se pocitaji v bloku, ve kterém
byly udéleny, tzn. body za kvalitu ze sady 1 se zapoc¢tou do bloku 2.
Maximaln{ bodovy zisk za jednotlivé sady:

e sada 1: 60 za funk¢nost v bloku 1 + 30 za kvalitu v bloku 2,

e sada 2: 60 za funk¢nost v bloku 2 + 30 za kvalitu v bloku 3,

e sada 3: 60 za funkénost v bloku 3 + 30 za kvalitu v bloku 4 (zkous-
kovém).

A.5.4 Hodnoceni kvality kédu Automatickeé testy ovéruji spravnost
vasich programu (do takové miry, jak je to praktické - ani nejprisnéjsi
testy nemuzou zarucit, ze mate program zcela spravné). Spravnost ale
neni jediné kritérium, podle kterého lze programy hodnotit: podobné
dulezZité je, aby byl program citelny. Programy totiZ mimo jiné slouzi ke
komunikaci myslenek lidem - dobre napsany a spravné okomentovany
kod by mél ¢tenari sdélit, jaky resi problém, jak toto reseni funguje a
u obojiho objasnit proc.

Je Vam asi jasné, Ze ¢itelnost programu ¢lovekem muiZze hodnotit pouze
¢lovek: proto si kazdy Vas uspésné vyreseny domaéci ukol precte opra-
vujici a své postfehy Vam sdeli. Pritom zaroven Vas kéd ozndmkuje
podle kritérii podrobnéji rozepsanych v kapitole B. Tato kritéria apli-
kujeme pri zndmkovani takto:

e hodnoceni A dostane takové reseni, které jasné popisuje reseni
zadaného problému, je spravné dekomponované na podproblémy,
je zapsano bez zbytecného opakovani, a pouziva spravneé abstrakce,
algoritmy a datové struktury,

e hodnoceni B dostane program, ktery ma vyrazné nedostatky
v jedné, nebo nezanedbatelné nedostatky ve dvou oblastech vyse
zmineénych, napriklad:

o jerelativné dobre dekomponovany a zbyteéné se neopakuje,
ale pouziva nevhodny algoritmus nebo datovou strukturu a
neni zapsan prili§ prehledne,

o pouzivd optimalni algoritmus a datové struktury a je dobte
dekomponovany, ale lokalné opakuje tentyz kod s drobnymi
obmeénami, a obcas pouziva zavadéjici nebo jinak nevhodna
jména podprogramui, proménnych atp.,

o jinak dobry program, ktery pouzivd zcela nevhodny algoritmus,
nebo velmi $patné pojmenované promeénné, nebo je zapsany
na dveé obrazovky uplné bez dekompozice,

e hodnoceni X dostanou programy, u kterych jste se dobrovolné
vzdali hodnoceni (a to jasné formulovanym komentarem na za-
¢atku souboru, napr. ,Vzdavdm se hodnoceni.),

e hodnoceni C dostanou vsechny ostatni programy, zejména ty, které
kombinuji dvé a vice vyrazné chyby zmiriované vyse.

Znamky Vam budou zapsany druhou stfedu nasledujiciho bloku.
Dostanete-li znamku B nebo C, budete mit moznost svoje resenti jesté
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zlepsit, odevzdat znovu, a zndmku si tak opravit:

e naopravu budete mit 9 dnti (od stiedy do dalsiho patku),

e naopraveném programu nesmi selhat verity testy,

» testy budou naddle probihat se stejnou kadenci jako béhem tddné
doby k vypracovani (pondéli, stfeda, patek o 23:59).

Bude-li opravujici s vylepsenym programem spokojen, vyslednou

znamku Vam upravi.

sada | radny termin | znamka | opravny termin | znamka

1 17.3. 29.3. 7.4. 14.4.
2 14.4. 26.4. 5.5. 12.5.
3 12.5. 24.5. 2.6. 9.6.

Jednotlivé vysledné znamky se promitnou do bodového hodnoceni
ukolu nasledovne:

e« znamka A Vam vynese 5 bodu,

e« znamka B pak 2 body,

¢ znamka X zadné body neskyta,

¢ znamka C je hodnocena -1 bodem.

Samotné body za funkcionalitu se pti opraveé kvality jiZz nijak neméni.

A.5.5 NeuspésnatreSeni Priklady, které se Vam nepodari vyresit kom-
pletné (tzn. tak, aby na nich uspéla kontrola ,verity“) nebudeme hod-
notit. Nicméné muZe nastat situace, kdy byste potfebovali na ,témeéer
hotové" feseni zpétnou vazbu, napt. proto, Ze se VAm nepodarilo zjistit,
pro¢ nefunguje.

Takova reSeni mtizou byt pfedmeétem spolec¢né analyzy ve cvicend, v po-
dobném duchu jako probihd rozprava kolem odevzdanych piiprav (sa-
moziejmé az poté, co pro danou sadu skonc¢i odevzdavani). Mate-li
zdjem takto rozebrat své feSeni, domluvte se, idedlné s predstihem,
se svym cvicicim. To, Ze jste autorem, ztistdva mezi cvi¢icim a Vami -
Vasi spoluzaci to nemusi védét (ke kodu se samoziejmé mtizete v ramci
debaty prihldsit, uznate-li to za vhodné). Stejnd pravidla plati také pro
nedofesené pripravy (musite je ale odevzdat).

Tento mechanismus je omezen prostorem ve cviceni - nemuiZzeme za-
rucit, Ze v pripadé velkého zajmu dojde na véechny (v takovém pri-
padé cvicici vybere ta reseni, kterd bude povazovat za prinosnéjsi pro
skupinu - je tedy mozné, Ze i kdyZ se na Vase konkrétni reseni nedo-
stane, budete ve cviceni analyzovat podobny problém v reseni nékoho
jiného).

Cast A.6: Vzajemneé recenze

Jednou z moznosti, jak ziskat body za aktivitu, jsou vzdjemné (peer)
recenze. Smyslem této aktivity je ziskat praxi ve ¢teni a hodnoceni
ciziho kédu. Moznost psat tyto recenze se vaze na vlastni uspésné
vypracovani téhoz prikladu.

Priklad: odevzdate-li ve druhém tydnu 4 pripravy, z toho u tfech spl-
nite testy ,verity" (feknéme p1, p2, p5), ve tretim tydnu dostanete po
jednom fesen{ téchto ptikladu (tzn. budete mit moZnost recenzovat po
jedné instanci 02/p1, 02/p2 a 82/p5). Termin pro odevzdani recenzi na
pripravy z druhé kapitoly je shodny s terminem pro odevzddni ptiprav
treti kapitoly (tzn. sobotni ptilnoc).

Vypracovani téchto recenzi je dobrovolné. Za kazdou vypracovanou
recenzi ziskate jeden bod za aktivitu, poc¢itany v tydnu, kdy jste recenze
psali (v uvedeném ptikladu by to tedy bylo ve tfetim tydnu semestru,
tedy do stejné ,kolonky* jako body za priklady 02/r).

Udéleni bodt je podminéno smysluplnym obsahem - nestaci napsat

,nhemam co dodat“ nebo ,neni zde co komentovat”. Je-li reseni dobré,

napiste proc je dobré (viz téz nize). Vami odevzdané recenze si precte
V4&s cvicici a nékteré z nich muize vybrat k diskusi ve cviceni (v dalsim
tydnu), v podobném duchu jako pripravy samotné.

Pozor, v jednom tydnu lze ziskat maximdlné 3 body za aktivitu, bez
ohledu na jejich zdroj (recenze, vypracovani pirikladu u tabule, atp.).
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Toto omezeni nen{ dotéeno ani v pfipadé, kdy dostanete k vypracovani
vice nez 3 priklady (mtZete si ale vybrat, které z nich chcete recenzo-
vat).

A.6.1 Jakrecenze psat Jak recenze vyzvednout a odevzdat je blize
popsdno v kapitole B. Své komentdre vkladejte primo do vyzvednutych
zdrojovych souborti. Komentdre mutizete psat ¢esky (slovensky) nebo
anglicky, volba je na Véas. Komentare by mély byt struc¢né, ale uzitecné
- Vasim hlavnim cilem by mélo byt pomoct adresdtovi naucit se lépe
programovat.

Snazte se aplikovat kritéria a doporuceni z predchozi sekce (nejlépe na
ne primo odkazat, napt. ,tuto proménnou by slo jisté pojmenovat lépe
(viz doporuceni 2.b)"). Nebojte se ani vyzvednout pozitiva (mtiZete zde
také odkdzat doporuceni, méate-li naptiklad za to, Ze je obzvlast p€kné
uplatnéné) nebo poznamenat, kdyz jste se pti ¢teni kédu sami néco
naucili.

Komentare vkladejte vzdy pred komentovany celek, a drzte se podle
moznosti tohoto vzoru (pouziti ** pomahd odlisit ptivodni komentare
autora od poznamek recenzenta):

/** A short, one-line remark. *x/
U viceradkovych komentaru:

/** A longer comment, which should be wrapped to 80 columns or
*+ less, and where each line should start with the ** marker.
*+ [t is okay to end the comment on the last line of text like
*x this. #/

Pri vkladdni komentaia neménte existujici radky (zejména se ujistéte,
Ze mate vypnuté automatické formatovani, editujete-li zdrojovy kéd
v néjakém IDE). Jediné povolend operace jsou:

e vloZeni novych rfadku (prazdnych nebo s komentarem), nebo
* doplnéni komentdre na stdvajici prazdny réddek.

Cést A.7: Zkougka

Zkouska tvori pomyslny 4. blok a plati pro ni stejné kritérium jako pro
vSechny ostatni bloky: musite ziskat alespon 60 bodti. Zkouska:

» probéhne v pocitacové ucebné bez pristupu k internetu nebo vlast-
nim materidlam,

e Kk dispozici budou oficidln{ studijni materidly:
o tato sbirka (bez vzorovych reseni prikladt typuear) a
o offline kopie prirucky cppreference (bez fulltextového vyhleda-

vani),

» budete moct pouZivat textovy editor nebo vyvojoveé prostiedi VS
Code, prekladace g++ a clang, ndstroj clang-tidy a nastroje valgrind
a gdb.

Na vypracovani praktické ¢dsti budete mit 4 hodiny ¢istého ¢asu, a
bude sestdvat ze Sesti prikladu, které budou hodnoceny automatickymi
testy, s maximalnim ziskem 90 bodt. Priklady jsou hodnoceny binarné
(tzn. priklad je uzndan za plny pocet bodw, nebo uzndn neni). Kvalita
kédu hodnocena nebude, ani nebudeme reseni kontrolovat nastrojem
clang-tidy. Priklady budou na stejné urovni obtiznosti jako priklady
typu p/r/v ze sbirky.

Zkouska probéhne az po vyhodnoceni recenzi za tfeti blok (tzn. ve
druhé poloviné zkouskového obdobi). Planované terminy® jsou tyto
(zadné dalsi vypsané nebudou):

e Utery 13.6. 9:00-13:00, 14:00-18:00,

e Utery 20.6. 9:00-13:00, 14:00-18:00,

e Utery 27.6.9:00-13:00, 14:00-18:00.

Muze se stdt, Ze terminy budeme z technickych nebo organizacnich davodt posunout na
jiny den nebo hodinu. V takovém ptipadé Vam samoziejmé zménu s dostatecnym predstihem
ozndmime.
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A.7.1 Vnitrosemestralky V poslednim tydnu kazdého bloku, tedy

e tyden 4 (13-17. biezna),
e tydnu 8 (10.-14. dubna),
o tyden 12 (8-12. kvétna),

probéhne v ramci cviceni programovaci test na 40 minut. Tyto testy
budou probihat za stejnych podminek, jako vyse popsand prakticka
¢ast zkousky (slouzi tedy mimo jiné jako ptiprava na ni). Resit budete
vZdy ale pouze jeden priklad, za ktery muZete ziskat 3 body, které se

pocitaji jako body za aktivitu v tomto cviceni.

Cast A.8: Opisovani

Na vsech zadanych problémech pracujte prosim zcela samostatné -
toto se tyka jak prikladu ze sbirky, které budete odevzddvat, tak doma-
cich uloh ze sad. To samozrejmé neznamend, ze Vam zakazujeme spo-
le¢né studovat a vzajemné si pomahat latku pochopit: k tomuto ucelu
muiZzete vyuzit véechny zbyvajici priklady ve sbirce (tedy ty, které ne-
bude ani jeden z Vas odevzdévat), a samoziejmé nepfeberné mnozstvi
priklada a cvicend, které jsou k dispozici online.

Priklady, které odevzdavate, slouzi ke kontrole, Ze latce skute¢né ro-
zumite, a Ze dokdzZete nastudované principy prakticky aplikovat. Tato
kontrola je pro Vas pokrok naprosto klicova - je velice snadné zis-
kat pasivnim studiem (¢tenim, poslouchanim ptednasek, studiem jiz
vypracovanych prikladtl) pocit, Ze nééemu rozumite. Dokud ale sami
nenapiSete na dané téma néekolik programu, jednd se pravdépodobné
skutecné pouze o pocit.

Abyste nebyli ve zbytecném pokuseni{ kontroly obchazet, nedovolenou
spoluprdci budeme relativné prisné trestat. Za kazdy prohresek Vam
bude strzeno v kazdé instanci (jeden tyden ptiprav se pocitd jako jedna
instance, priklady ze sad se pocitaji kazdy samostatné):

e 1/2bodu ziskanych (ze vSech ptiprav v dotéeném tydnu, nebo za
jednotlivy piiklad ze sady),

e 10 bodt z hodnoceni bloku, do kterého opsany priklad patri,

e 10 bodut (navic k predchozim 10) z celkového hodnoceni.

Opisete-li tedy napriklad 2 pripravy ve druhém tydnu a:

e Vas celkovy zisk za pripravy v tomto tydnu je 4,5 bodu,
e Vas celkovy zisk za prvni blok je 65 bodu,

jste automaticky hodnoceni zndmkou X (65 - 2,25 - 10 je méné nez
potfebnych 60 bodt). Podobné s prikladem z prvni sady (65 - 5 - 10),
atd. Mate-li v bloku bodti dostatek (napt. 80 - 5 - 10 > 60), ve studiu
predmeétu pokracujete, ale zapocte se Vam jesté navic penalizace 10
boduti do celkové znamky. Prestdva pro Vas proto platit pravidlo, ze 4
splnéné bloky jsou automaticky E nebo lepsi.

V situaci, kdy:

e za bloky mate pfed penalizaci 77, 62, 61, 64,
e v prvnim bloku jste opsali domdci ukol,

budete penalizovani:

e v prvnim bloku 10 + 5, tzn. bodové zisky za bloky budou efektivné
62, 62,61, 64,

e v celkovém hodnoceni 10, tzn. celkovy zisk 62 + 62 + 61 + 64 - 10 =
239, a budete tedy hodnoceni znamkou F.

To, jestli jste priklad resili spolecné, nebo jej nékdo vytesil samostatné,
a poté poskytl své feseni nékomu dalsimu, nenf pro ucely kontroly
opisovani dulezité. Vsechny ,verze" feseni odvozené ze spolecného
zdkladu budou penalizovany stejné. Taktéz zverejneni reseni budeme
chapat jako pokus o podvod, a budeme jej trestat, bez ohledu na to, jestli
nékdo stejné reseni odevzda, nebo nikoliv.

Podotykdme jesté, Ze kontrola opisovdni nespada do desetidenni Ihtity
pro hodnoceni prubéznych kontrol. Budeme se sice snazit opisovani
kontrolovat co nejdrive, ale odevzdate-li opsany priklad, mtZete byt
bodoveé penalizovani kdykoliv (tedy i dodatecné, a to az do konce zkous-
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kového obdobi).

Cast B: Doporuceni k zdpisu kédu

Tato sekce rozvadi obecné principy zapisu kodu s dtirazem na Citelnost
a korektnost. Samoziejmé zadna sada pravidel nemutiZe zarucit, Ze na-
pisete dobry (korektni a ¢itelny) program, o nic vice, nez mtize zarudit,
Ze napisete dobrou povidku nebo namalujete dobry obraz. Presto ve
véech téchto pripadech pravidla existuji a jejich dodrZovani md obvykle
na vysledek pozitivni dopad.

Kazdé pravidlo md samoziejmé néjaké vyjimky. Tyto jsou ale vyjim-
kami proto, Ze nastdvaji vyjimecné. Nékterd pravidla pripousti vyjimky
Castéji nez jina:

1 Dekompozice Vibec nejdulezitéjsi ulohou programatora je rozde-
lit problém tak, aby byl schopen kazdou ¢dst spravné vyresit a dilci
vysledky pak posklddat do korektniho celku.

A. Kod musi byt rozdélen do ucelenych jednotek (kde jednotkou rozu-
mime funkci, typ, modul, atd.) primérené velikosti, které lze studo-
vat a pouzivat nezavisle na sobé.

Jednotky musi byt od sebe oddéleny jasnym rozhranim, které by
melo byt jednodussi a uchopitelnéjsi, nez kdybychom pouziti jed-
notky nahradili jeji definici.

Kazdad jednotka by méla mit jeden dobre definovany ucel, ktery je
zachyceny predevsim v jejim pojmenovani a pripadné rozvedeny
v komentari.

Méte-1i problém jednotku dobfe pojmenovat, mtze to byt zndmka
toho, ze déla prilis mnoho veéci.

Jednotka by méla realizovat vhodnou abstrakci, tzn. méla by byt
obecnd - zkuste si predstavit, Ze dostanete k feseni néjaky jiny (ale
dostatecné pribuzny) problém: bude Vam tato konkrétni jednotka
k né¢emu dobra, aniz byste ji museli (vyrazné) upravovat?

Ma-li jednotka parametr, ktery fakticky identifikuje misto ve kte-
rém ji pouzivate (bez ohledu na to, je-li to z jeho nazvu patrné), je
to casto zndmka Spatné zvolené abstrakce. Mate-li parametr, ktery
by bylo Ize pojmenovat called from bar, je to jasnd zndmka tohoto
problému.

Dany podproblém by mel byt vyfeSen v programu pouze jednou
- nedari-li se Vam sjednotit rtizné varianty stejného nebo velmi
podobného kdédu (aniz byste se uchylili k taktice z bodu d), mtze to
byt zndmka nesprdvné zvolené dekompozice. Zkuste se zamyslet,
neni-li moZné problém rozloZzit na podproblémy jinak.

2 Jména Dobre zvolend jména velmi uleh¢uji ¢tenf koédu, ale jsou i
dobrym voditkem pri dekompozici a vystavbe abstrakei.

A. Vsechny entity ve zdrojovém kédu nesou anglickd jména. Anglic¢-
tina je univerzalni jazyk programatort.

Jméno musi byt vystiZzné a popisné: v misté pouziti je obvykle
jméno nas hlavni (a ¢asto jediny) zdroj informaci o jmenované en-
tité. Nutnost hledat deklaraci nebo definici (protoze ze jména neni
jasné, co volana funkce déld, nebo jaky ma pouzitd proménna vy-
znam) ¢tendfe nesmirné zdrzuje.”

Jména lokalnfho vyznamu mohou byt méné informativni: je mno-
hem vétsi Sance, Ze vyznam jmenované entity si pamatujeme, pro-
toze byla definovana pred chvili (napr. lokalni proménnd v kratké
funkci).

Obecnéji, informacni obsah jména by mél byt ptrimo umeérny jeho
rozsahu platnosti a neptimo umeérny frekvenci pouZiti: globaln{
jméno musi byt informativni, protoZe jeho definice je ,daleko"

B.

Nejde zde pouze o samotny fakt, Ze je potfeba néco vyhledat. Mohlo by se zdét, Ze tento pro-
blém resi IDE, které nds umi ,poslat” na prislusnou definici samo. Hlavni zdrZeni ve skutec¢nosti
spociva v tom, Ze musime prerusit ¢teni predchoziho celku. Na rozdil od pocitace je pro ¢lovéka
,zanorovani‘ a zejména pak ,vynorovani‘ na pomyslném zdsobniku docela drahou operaci.
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(takzZe si ji uz nepamatujeme) a zaroven se nepouziva prilis ¢asto
(takZe si nepamatujeme ani to, co jsme se dozvédéli, kdyz jsme ho
potkali naposled).

Jméno parametru md dvoji funkci: krom toho, Ze ho pouzivame
v téle funkce (kde se z pohledu pojmenovani chova podobné jako
lokalni proménna), slouzi jako dokumentace funkce jako celku. Pro
parametry volime popisnéjsi jména, nez by zarucovalo jejich pouziti
ve funkci samotné - maji totiz dodate¢ny globdlni vyznam.
Nékteré entity maji ustdlené ndzvy - je rozumné se jich drzet, pro-
toZe ¢tendr automaticky rozumfi jejich vyznamu, i pres obvyklou
strucnost. Zdroven je potteba se vyvarovat pouZiti takovychto usté-
lenych jmen pro nesouvisejici entity. Typickym prikladem jsou ite-
raéni proménné i a j.

Jména s velkym rozsahem platnosti by méla byt také zapamatova-
telnd. Je vZdy lepsi si pfimo vzpomenout na jméno funkce, kterou
praveé pottrebuji, nez ho vyhledavat (podobné jako je lepsi znat slovo,
nez ho jit hledat ve slovniku).

. Pouzity slovni druh by mél odpovidat druhu entity, kterou pojmeno-
vava. Proménné a typy pojmenovavame prednostné podstatnymi
jmény, funkce prednostné slovesy.

I.  Rodiny pribuznych nebo souvisejicich entit pojmenovavame podle
spole¢ného schématu (table_name, table_size, table_items - ni-
koliv napft. items_in_table; list_parser, string parser, set_parser;
find_min, find_max, erase_max - nikoliv napf. erase_maximum nebo
erase_greatest nebo max_remove).

J. Jména by méla brét do ivahy kontext, ve kterém jsou platnd. Neo-

pakujte typ proménné v jejim ndzvu (cars, nikoliv 1ist_of_cars ani

set_of _cars) nema-li tento typ specidlni vyznam. Podobné jméno
nadrazeného typu nepatii do jmen jeho metod (tfida 1ist by méla
mit metodu length, nikoliv 1ist_length).

Déaveijte si pozor na preklepy a pravopisné chyby. Zbytecné zne-

snadriuji pochopeni a (zejména v kombinaci s naseptavacem) lehce

vedou na skutec¢né chyby zptisobené zaménou podobnych ale jinak
napsanych jmen. Navic kéd s preklepy v nazvech ptisobi znaéné
neprofesiondlné.

3 Stavadata Udrzet siprehled o tom, co se v programu déje, jaké jsou
vztahy mezi riznymi stavovymi proménnymi, co mtiZe a co nemuiZze

TBD: Vstupni podminky, invarianty, ...

4 Rizenitoku Prehledny, logicky a co nejvice linedrni sled krok(i nam
ulehéuje pochopeni algoritmu. Casté, komplikované vétveni je naopak
tézké sledovat a odvadi pozornost od pochopeni dulezitych myslenek.
TBD.

5 Volba algoritmu a datovych struktur TBD.

6 Komentare Nejde-li myslenku predat jinak, vysvétlime ji doprovod-
nym komentarem. Cim téz3 myslenka, tim vétsi je potteba komento-
vat.

A. Podobné jako jména entit, komentare které jsou souc¢dsti kédu pi-
Seme anglicky.®

B. Pripadny komentar jednotky kédu by mél vysvétlit predevsim ,co”
a ,proc” (tzn. jaky plni tato jednotka tcel a za jakych okolnosti ji 1ze

pouzit).

8 Tato sbirka samotna predstavuje ustupek z tohoto pravidla: smyslem nasich komentaru je na-
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ucit Vas pomeérneé tézké a casto nové koncepty, a jeji cirkulace je omezend. Zkusenost z dri-
véjsich let ukazuje, Ze pro studenty je anglicky vyklad znac¢nou bariérou pochopeni. Presto se
snazte vlastni kod komentovat anglicky - vyjimku lze udélat pouze pro rozsahlejsi komen-
tdre, které byste jinak nedokazali srozumitelné formulovat. V praxi je anglictina zcela bézné
bezpodminecné vyzadovana.
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C. Komentdf by také nemél zbytec¢né duplikovat informace, které jsou
k nalezeni v hlavicce nebo jiné ,nekomentarové” ¢asti kédu - jestli
mate napriklad potrebu komentovat parametr funkce, zvazte, jestli
by neslo tento parametr lépe pojmenovat nebo otypovat.

D. Komentdr by nemél zbyteéné duplikovat samotny spustitelny kéd
(tzn. nemél by se zdlouhavé zabyvat tim ,jak” jednotka vnitfné

pracuje). Zejména jsou nevhodné komentate typu ,zvysime pro-
meénnou i o jedna“ - komentdr lze pouzit k vysvétleni proc je tato
operace potrebnd - co dana operace déla si mtize kazdy precist
v samotném kodu.

7 Formalni uprava TBD.

Cast 1: Hodnoty a funkce

Vitejte v PB161. NeZ budete pokracovat, prectéte si prosim kapitolu A
v této slozce pracovat naleznete v souboru 00/t3_sources. txt, resp.
v sekci T.3.

Cvicenibude tematicky sledovat pfednasku z pfedchoziho tydne: prvni
kapitola tak odpovida prvni predndsce. Tématy pro tento tyden jsou
funkce, rizeni toku, skaldrni hodnoty a reference. Tyto koncepty jsou
krom prednasky demonstrovany v prikladech typu d (ukdzkach; nalez-
nete je také v souborech d?_*.cpp, napt. d1_fibonacci.cpp).

1. fibonacci - iterativni vypocet Fibonacciho ¢isel,

2. comb - vypocet kombinac¢niho ¢isla,

3. hamming - hammingova vzddlenost dvojkového zapisu,
4. root t - vypocet n-té celociselné odmocniny.

Ve druhé casti kazdé kapitoly pak naleznete tzv. elementarni cviceni,
kterd byste méli byt schopni relativnée rychle vyresit a ovérit si tak,
Ze jste porozuméli koncepttim z predndsky a ukdzek. Tyto priklady
naleznete v souborech pojmenovanych e?_+.cpp. Redeni muiZete ve-
psat primo do nachystaného souboru se zaddnim. Zakladni testy jsou
soucasti zaddni.

Vzorova reseni téchto prikladt naleznete v kapitole K (kli¢) na konci
sbirky, resp. ve sloZce sol zdrojového baliku. Méjte na paméti, Ze pri-
loZzend vzorova feseni nemusi byt vzdy nejjednodussi mozna. Také
nenf nutné, aby Vase fesen{ presné odpovidalo tomu vzorovému, nebo
bylo zaloZeno na stejném principu. Dtlezité je, aby pracovalo spravné
a dodrzovalo poZadovanou (resp. adekvatni) slozZitost.

Elementarni priklady prvni kapitoly jsou:

1. factorial - spoctéte faktorial zadaného cisla,
2. concat - zfetézeni binarniho zapisu dvou c¢isel,
3. zeros - pocet nul v zdpisu ¢isla.

hlavnim ucelem je samostatné procvicit latku dané kapitoly, a to jesté
predtim, neZ se o ni budeme bavit ve cviceni. Doporucujeme kazdy
tyden vytesit alespon 3 pripravy. Abyste byli motivovani je resit, ode-
vzdand feseni jsou bodovana (detaily bodovéni a terminy odevzdani
naleznete v kapitole A). Ve zdrojovém baliku se jednd o soubory s na-
ZVem p?_*.cpp.

Pozor: Diskutovat a sdilet feseni ptiprav je pfisné zakdzéno. Resent

v kapitole A).

Pripravy:

1. nhamming - Hammingova vzdalenost s libovolnym zdkladem,
2. digitsum - opakovany ciferny soucet,

3. parity - pocet jednic¢ek v bindrnim zdpisu,

4. periodic - hledan{ nejkratsiho periodického vzoru,

5. balanced - ciferné soucty ve vyvazenych soustavdch,

6. subsetsum - zndmy priklad na backtracking.

Dalsi ¢ast je tvorena rozsirenymi ulohami, které jsou typicky o néco
latku dale procvicovat ve cviceni. Tyto ulohy muiZzete také resit spo-
le¢né, diskutovat jejich feSeni se spoluzdky, atp. Sva resSeni mtzZete
také srovnat s témi vzorovymi, kterd jsou k nalezeni opét v kapitole K.
Tento typ uloh naleznete v souborech pojmenovanych r?_* . cpp.

1. bitwise - ternarni bitové operatory,
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euler - Eulerova funkce (pocet nesoudélnych ¢isel),
hamcode - kdd pro detekci chyb Hamming(8,4),

chc - cipher block chaining,

cellular - celuldrni automat nad celym c¢islem,
flood - vyplniovani ,ploch” v celém ¢isle.

o s W

Posledni ¢ast jsou tzv. volitelné ukoly, které se podobaji tém rozsire-
nym, se dvéma dulezitymi rozdily: volitelné ulohy jsou urceny k samo-
statné pripravé (nebudeme je tedy pouzivat ve cvic¢eni) a nejsou k nim
dostupné vzorovd feseni. Je totiZ dtleZité, abyste si dokazali sami zd-
vodnit a otestovat spravnost reseni, aniz byste jej srovnavali s feSenim
nékoho jiného (a priloZzeny vzor k tomu jisté svadi). Je nicméné po-
voleno tyto priklady (a jejich reseni, jak abstraktné, tak konkrétné)
diskutovat se spoluzdky. Presto velmi dtirazné doporucujeme, abyste
si feSeni zkusili prvné vypracovat sami.

1 xxx— ..
2. XXX - ..
3. XXX - ..

1 Hlavickové soubory Samotny jazyk, ktery ve svych resenich po-
uzivate, omezujeme jen minimalné (varovani piekladace a kontrola
ndstrojem clang-tidy ovéem nékteré obzvlasté problémoveé konstrukce
zamitnou). Trochu vyznamnéjsi omezeni klademe na pouzivani stan-
dardni knihovny: do svych odevzdanych programui prosim vkladejte
pouze ty standardni hlavicky, kterych pouZiti jsme jiZ v predmétu za-
vedli. Pfehled bude vZdy uveden v uvodu prislusné kapitoly. Pro tu
prvni jsou to tyto tri:

e cassert - umoznuje pouziti tvrzeni assert,
e algorithm - nabizi funkce std: :min, std: :max,
e cstdint - celociselné typy std: :intNN_t a std: :uinthN_t.

Omezeno je pouze vkladani hlavickovych soubort: je-li povolena hla-
vicka algorithm, mZete v principu pouzivat i jiné algoritmy, které po-
skytuje. Presto spise doporucujeme drzet se toho, co jsme Vam zatim
ukdzali.

Na nic jiného, nez vkladdni standardnich hlavicek, v tomto pfedmétu
preprocesor potrebovat nebudete. Jiné direktivy nez #include tedy pro-
sim viibec nepouziveijte.

Cast 1.d: Demonstrace (ukazky)

1.d.1 [fibonacci] V této ukdzce naprogramujeme klasicky ukazkovy
algoritmus, totiz vypocet n-tého Fibonacciho ¢isla (a pouZzijeme k tomu
iterativni algoritmus). Algoritmus bude implementovat podprogram
(funkce) fibonacci. Definice podprogramu se v jazyce C++ zacind tzv.
signaturou neboli hlavickou funkce, ktera:

1. popisuje navratovou hodnotu (zejména jeji typ),

2. udava nazev podprogramu a

3. jeho formdlni parametry, opét zejména jejich typy, ale obvykle i
nazvy.

Signatura mutiZe popisovat i dalsi vlastnosti, se kterymi se setkdme
pozdéiji.

V tomto ptipadé bude ndvratovou hodnotou celé ¢islo (znaménkového
typu int), podprogram ponese ndzev fibonacci a ma jeden parametr,
opét celociselného typu int.
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int fibonacci( int n )

Po signatufe nasleduje tzv. télo, které je syntakticky shodné se slo-
zenym pifkazem, a je tedy tvoreno libovolnym poctem (véetné nuly)
prikazt uzavienych do slozenych zavorek. V téle funkce jsou formalni
parametry (v tomto pripadé n) ekvivalentni lokalnim proménnym po-
myslné inicializovanym hodnotou skute¢ného parametru.

{

Teélo je tvoreno posloupnosti prikazt (typicky prikaz je ukoncen stied-
nikem, ale toto neplati napt. pro sloZené prikazy, které jsou ukonceny
sloZenou zavorkou).

Prvnim ptikazem podprogramu fibonacci je deklarace lokdlnich pro-
mennych a, b, opét celoc¢iselného typu int. Deklarace se skladd z:

1. typu, ptipadné kli¢ového slova auto,

2. neprazdného seznamu deklarovanych jmen (oddélenych ¢arkou),
které mohou byt doplnény tzv. deklardtory (oznacuji napft. refe-
rence: uvidime je v pozdéjsi ukazce),

3. volitelného inicializatoru, ktery popisuje pocate¢ni hodnotu pro-
meénneé.

inta=1,b=1, c;

Samotny vypocet zapiseme pomoci tzv. tridilného for cyklu (jinou vari-
antu cyklu for si ukazeme v dalsi kapitole), ktery méa nésledujici struk-
turu:

1. klicové slovo for,
2. hlavicka cyklu, uzaviend v kulatych zavorkdch,

a. inicializa¢ni ptikaz (vyraz, deklarace proménné, nebo prazdny
prikaz) je vzdy ukoncen stfednikem a provede se jednou pred
zacdtkem cyklu; deklaruje-li proménné, tyto jsou platné préave
po dobu vykonavani cyklu,

b. podminka cyklu (vyraz nebo prazdny prikaz) je opét vzdy ukon-
¢ena stfednikem a urcuje, zda se ma provést dalsi iterace cyklu
(vyhodnoti-li se na true),

c. vyraz iterace (vyraz, ktery neni ukoncen stfednikem), ktery je
vyhodnocen vzdy na konci téla (pred dalsim vyhodnocenim
podminky cyklu),

3. télo cyklu (libovolny piikaz, ¢asto slozeny).

for (int i =2; 1 <n; ++1 )

{

V jazyce C++ je prifazeni vyraz, kterého vyhodnoceni md vedlejsi
efekt, a to konkrétné zmeénu promeénné, kterd je odkazovana levou
stranou operatoru = (jedna se o vyraz, ktery se musi vyhodnotit na tzv.
I-hodnotu? - 1 od left, protoze stoji na levé strané prifazeni). Na pravé
strané pak stoji libovolny vyraz.

c=a+hbh;
a=bh;
b =c;

}

Prikaz navratu z podprogramu return ma dvoji vyznam (podobné jako
ve vétsiné imperativnich jazyku):

1. urci navratovou hodnotu podprogramu (tato se ziska vyhodnoce-
nim vyrazu uvedeného po klicovém sloveé return),
2. ukon¢i vykondvani podprogramu a preda rizeni{ volajicimu.

return b;

Zjednodusené, I-hodnota je takovy vyraz, ktery popisuje identitu resp. lokaci - typicky pro-
ménnou, kterd je ulozena v paméti. L-hodnoty rozliSujeme proto, Ze smyslem prirazenti je ulo-
Zit (zapsat) vysledek své pravé strany, a na levé strané tedy musi stét objekt, do kterého lze
tuto pravou stranu skutecné zapsat. Nejjednodussi I-hodnotou je nédzev promeénné.
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}

Vsechny ukdzky v této sbirce obsahuji nekolik jednoduchych testo-
vacich pripadt, kterych ucelem je jednak predvést, jak 1ze implemen-
tovanou funkcionalitu pouZit, jednak ovérit, Ze fungovani programu
odpovida nasi predstavée. Zkuste si prilozené testy rtizné upravovat,
abyste si ovérili, Ze dobfe rozumite tomu, jak ukazka funguje.

int main() /* demo */

{

Pouziti (volani) podprogramu je vyraz a jeho vyhodnoceni odpovida
nasi intuitivni predstavé: skute¢né parametry (uvedené v kulatych za-
parametru a s takto inicializovanymi parametry se vykona télo pod-
programu. Po jeho ukonceni se vyraz voldni podprogramu vyhodnoti
na navratovou hodnotu.

assert( fibonacci( 1) == 1 );
assert( fibonacci( 2 ) ==1);
assert( fibonacci( 7 ) == 13 ):
assert( fibonacci( 20 ) == 6765 ):

1.d.2 [comb] V této ukdzce se zaméfime na vlastnosti celo¢iselnych
typt. Podivdme se ptritom na kombinacni ¢isla, definovana jako:

(k) = nt/(k! - (n — k)

kde k& < n. Samoziejmeé, mohli bychom pocitat kombinaéni ¢isla ptimo
z definice, md to ale jeden dtleZity problém: celo¢iselné proménné maji
v C++ pevny rozsah. Vypocet mezivysledku n! tak mtize velmi lehce
prekrocit horni hranici pouzitého typu, a to i v pripadech, kdy celkovy
vysledek neni problém reprezentovat.

Proto je dulezité najit formu vypoctu, kterd nebude vytvaret zbytecné
velké mezivysledky. Vypocet kombina¢niho ¢isla 1ze navic provadét na
libovolném celoc¢iselném typu (véetné téch bezznaménkovych), proto
¢istou funkci conb definujeme tak, aby fungovala pro vsechny takové
typy.

Parametr uvedeny klicovym slovem auto muzZe byt libovolného typu
(pouziti funkce s takovym typem parametru, pro ktery télo funkce neni
typové spravné, preklada¢ zamitne). Néco jiného znamend navratova
hodnota deklarovana jako auto: tento typ se odvodi z prikazti return
v téle funkce. Chceme-li toto tzv. odvozeni navratového typu vyuzit,
musi mit vyraz u vSech prikazti return v téle stejny typ.

auto comb( auto n, auto k )

{

Kombina¢ni ¢isla jsou definovana pouze pron > k a tuto vstupni
podminku si mtiZeme lehce ovérit tvrzenim:

assert( n >= k );

Vypocet budeme provadét na stejném typu, jaky ma vstupnin. Protoze
tento typ nezndme, musime si pomoct konstrukei decltype, kterd nam
umozni vytvorit proménnou stejného typu, jako néjaka existujici.
Pozor! Je-li pivodni proménnad referenci, bude i novd proménnad refe-
renci. Pozor! Nemtizeme zde pouzit auto result = 1. Proc?

decltype( n ) result = 1;

Jak jisté vite, faktorial je definovdn takto:

n!:ﬁi
1=1
A tedy:
n k n
ni/kt=1[i/]]i= ][] ¢

i=1 i=1 i=k+1
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Tento vypocet bychom jednoduse zapsali do for cyklu v prislusnych
mezich. Ve skutec¢nosti ale mtZzeme vypocet jesté znatelné zlepsit.
Kli¢ové pozorovani je, Ze ani zbyvajici (n — k)! neni potfeba vycislovat.
Vime jisté, Ze vysledek bude celé ¢islo, tzn. vsechny faktory (n — k)! se
musi pokrétit s néjakymi faktory n!/k!. Jedna moZnost je sefadit fak-
tory citatele sestupné a faktory jmenovatele vzestupné a mezivysledek
stfidavé ndsobit a délit prislusnym faktorem (celo¢iselnost mezivy-
sledktl je zde zarucena tim, Ze jsou to opét kombinacni ¢isla, jak lze
nahlédnout napt. rozsitenim prislusnych zlomkt vhodnym faktoria-
lem).

Toto tesen{ je optimalni v poctu aritmetickych operaci, nenf ale opti-
madlni ve velikosti mezivysledku. Presnéji, je-li (n|h) nejvetsi kombi-
nacni ¢islo s danym n, nejvetsi mezivysledek pri vypoctu (nik) bude
h - (nlh). VyuZijeme-li navic symetrie (nlk) = (nin — k), miZeme tuto
mez zlepsit na k - (n|k) a zaroven zabezpecit, Zze k < h. Je nicméne
zrejmé, Ze vypocet nam muze pretéct i v pripadé, kdy celkovy vysledek
reprezentovat lze.

Promeénné nom_f a denom_f budou reprezentovat aktualni faktory v ¢i-
tateli a jmenovateli. Opét budou stejného typu jako vstupni n.

decltype( n ) nom_f = n, denom_f = 1;

Cyklus provedeme pro non_f v klesajicim rozsahu (n, k) resp. (n,n — k),
podle toho kterd spodni mez je vétsi. Protoze jednotlivé mezihodnoty
na spodni hranici iterace nezavisi, je jisté vyhodnéjsi provést méné
iteract.

k))

while ( nom_f > std::max( k, n -

{

Madme-li cyklus zapsany spravné, faktor jmenovatele nemutiZe prekrocit
mensi z hodnot ¥ nebo n — k. O tomto se opét ujistime tvrzenim.

assert( denom_f <= std::min( k, n -k ) );

Déle provedeme samotny krok vypoctu. Tvrzenim se ujistime, Ze pro-
vadime skutec¢né pouze celoc¢iselna déleni beze zbytku (kdyby tomu
tak nebylo, vypocet by byl nespravny!).

result *= nom_f;
assert( result % denom_f == 9 );
result /= denom_f;

Nakonec upravime itera¢ni proménné a pokracujeme dalsi iteraci.

--nom_f;
++denom_f;
}
return result;
}
int main() /* demo */
{

assert( comb( 1, 1) == 1 );
assert( comb( 2, 1) == 2 );
assert( comb( 5, 2 ) == 10 );

Postup implementovany podprogramem comb ndm umoznuje spocitat,
za pomoci 64-bitovych promeénnych, vSechna kombinacni ¢isla pro
n < 60, a to i presto, Ze nejen 60! &~ 1,1 - 2272 ale 60!/30! ~ 1,34 - 21%4 3
tedy ani toto mnohem mensi ¢islo se do 64-bitové proménné v zadném
pripadé nevejde.

Pozndmka: typ std: :int64_t je pravé 64-bitovy celociselny typ se zna-
ménkem. Abychom ho zde mohli pouZit, museli jsme vyse vlozit hla-
vicku cstdint.

for ( std::intéd_t i =1: 1 < 60; ++i )
for ( std::inté4_t k = 1; k < i; ++k )
assert( comb( i + 1, k+1) ==
comb( i, k) +comb( i, k+1) ):
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return 0;

1.d.3 [hamming] Tato ukazka prindsi vystupni parametry a s nimi refe-
rence. Nasim ukolem bude naprogramovat podprogram hamming, ktery
spocitd tzv. Hammingovu vzdalenost dvou nezdapornych ¢isel a, b. Ham-
mingova vzddlenost se tradi¢né definuje jako pocet znaku, ve kterych
se vstupni hodnoty lisi.

Abychom tedy mohli mluvit o vzdalenosti ¢isel, musime je néjak zapsat
- v této ukdzce k tomu zvolime dvojkovou soustavu. Protoze Hammin-
gova vzdalenost je navic definovand pouze pro stejné dlouha slova,
je-li néktery dvojkovy zapis kratsi, doplnime ho pro ucely vypoctu
levostrannymi nulami.

Krom samotné vzdalenosti nds bude zajimat také rad nejvyssi ¢islice,
ve které se vstupni ¢isla lisi (rozmyslete si, Ze takova existuje praveé
tehdy, je-li vyslednd vzdalenost nenulova). Pro tento dodatec¢ny vysle-
dek (ktery navic nemusi byt vZdy definovany) pouzijeme jiz zminovany
vystupn{ parametr. V ptipadech, kdy definovany neni, nebudeme hod-
notu vystupniho parametru ménit.

Vystupni parametr realizujeme referenci, kterou zapiseme za pomoci
deklaratoru & - reference na celoc¢iselnou hodnotu typu int bude tedy
int &1° Takto deklarovand reference zavadi nové jméno pro jiz existu-
jici objekt. Objevi-li se tedy reference ve formalnim parametru, takto
zavedené jméno se primo vdZe k hodnoté skute¢ného parametru.
Protento skute¢ny parametr plati stejnd omezent, jako pro levou stranu
pritazeni (musi tedy byt I-hodnotou). Je to proto, Ze takto zavedeny pa-
rametr je pouze novym jménem pro skutec¢ny parametr. Zejména tedy
plati, Ze kdykoliv se formalni parametr objevi na levé strané prirazent,
toto prirazeni ma efekt na skutecny parametr. Diky tomu mtZeme
uvnitr téla zménit hodnotu skutecného parametru. Je-li tedy skuteény
parametr napf. jméno lokalni proménné ve volajici funkci, hodnota
této proméeénné se muize provedenim volané funkce zménit. Rozmyslete
si, Zze u béznych parametrii (které nejsou referencemi) tomu tak neni.

int hamming( auto a, auto b, int &order )

{

Jako obvykle nejprve ovérime vstupni podminku.
assert( a >= 0 & b >=0 ):

Protoze pracujeme s dvojkovou reprezentaci, mtizeme si vypocet zjed-
nodusit pouzitim vhodnych bitovych operaci. Operator * (xor, exclusive
or) nastavi na jednic¢ku pravé ty bity vysledku, ve kterych se jeho ope-
randy lisf. Hledand Hammingova vzdalenost je tedy pravé pocet jedni-
¢ek v binarni reprezentaci ¢isla x.

Véimnéte si, Ze pro lokdIni proménnou x neuvddime typ - podobné jako
v deklaraci parametrti a, b jsme zde pouzili zastupné slovo auto. Typ
takto deklarované proménné se odvodi z jejtho inicializdtoru (v tomto
pripadéa " ). Na rozdil od konstrukce decltype je takto deklarovand
proménna vzdy hodnotou, i v pfipadé, Ze prava strana je referen¢nfho
typu.“

auto x = a " b;

)

Pro vysledek si zavedeme pomocnou proménnou result, do které se-
¢teme pocet nenulovych bittl. Pozor! proménné jednoduchych typt
je nutné inicializovat i v pripadé, Ze ma byt jejich poc¢atec¢ni hodnota
nulova. Bez inicializatoru vznikne neinicializovana proménna kterou

To, Ze se jedna o referenci, je soucasti typu takto zavedené proménné (resp. parametru) - pro-
jevi se to napft. pti pouziti konstrukce declt
reference a hodnoty zdménné: je to mimo jiné proto, ze na vysledek libovolného vyrazu lze
nahlizet jako na urc¢ity druh reference. Blize se budeme referencemi zabyvat ve ¢tvrté kapi-
tole.

To opét souvisi s tim, ze kazdy vyraz lze interpretovat jako referenci. Chovani tohoto typu
deklarace je uzptisobeno tomu, Ze obvykle chceme deklarovat lokdlni proménné - lokalni re-
ference jsou mnohem vzacnéjsi.

/pe. Zaroven ale plati, Ze ve vétsiné pripadl jsou
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je zakdzdno ¢ist (niZe pouzity operator ++ ,zvétsi hodnotu o jedna“ sa-
moziejmé svij operand precist musi).

int result = 0;

Cislo, které obsahuje alespori jeden nenulovy bit je jisté nenulové -
cyklus se tedy bude provadét tak dlouho, dokud jsou v ¢isle x nenulové
bity.

for (int i =0; x !=0; ++i, x >>=1)

i obsahuje jeho puvodni rdd. Vsimnéte si, Ze for cyklus je pomérné
flexibilni, a Ze je duleZité sijeho hlavicku dobte precist: v tomto pripadé
se napr. proménnad i viibec neobjevuje v podmince.

Naopak vyraz iterace ma dvé ¢asti (oddélené operatorem carka, ktery
vyhodnoti svtj prvni operand pouze pro jeho vedlejsi efekt - jeho
hodnotu zapomene). Efekt na i je celkem zfejmy, zajimavéjsi je efekt na
x:vyraz x >>= 1 provede bitovy posun proménné x o jeden bit doprava.
bit se doplni nulou. Priklad: posunem osmibitové hodnoty 10011001
0 jednu pozici doprava vznikne hodnota 01001100.

Cely cyklus bychom samozriejmé mohli zapsat jako while cyklus a vy-
hnuli bychom se tim relativné komplikované hlaviéce. Vyhodou cyklu
for v tomto ptipadé ale je, Ze veskeré informace o zméndch iteracnich
proménnych jsou uvedeny na jeho za¢atku. Ctenart tak uz od za¢atku
vi, jaky maji tyto proménné vyznam (i se kazdou iteraci zvysi o jedna,
% se bitové posune o jednu pozici doprava) a nemusi tuto informaci
zdlouhavé hledat v téle.

{

povida i-tému bitu vstupnich parametrt a, b). S vyhodou k tomu pouzi-
jeme operaci bitové konjunkce (and; na jednic¢ku jsou nastaveny prave
ty bity vysledku, které maji hodnotu 1 v obou operandech). Tento ope-
rator zapisujeme znakem & (pozor, nezaménujte s deklaratorem refe-
rence!).

if (x&1)

vystupniho parametru order zapiseme jeho puvodni rad (ktery si udr-
Zujeme v proménné 1).

zdapis do parametru order presné odpovidad nejvyssimu rozdilnému bitu.
Podminka cyklu nam navic zarucuje, Ze do proménné order zapiSeme
pouze v pripadé, Ze takovy bit existuje.

++result;

order = 1;

}

Po ukonceni cyklu plati, Ze jsme zpracovali vSsechny nenulové bity x,
a tedy vsSechny bity, ve kterych se hodnoty a, b lisily. Nezbyva, nez
nastavit ndvratovou hodnotu a podprogram ukoncit.

return result;

Vsimneme si jeste, Ze hodnotu parametru order jsme necetli. Definujici
vlastnosti vystupnich parametrti je, Ze chovani podprogramu neza-
visi na jejich pocdte¢ni hodnoté. V pripadé, Ze jedind operace, kterou
s vystupnim parametrem provedeme, je prifazeni do néj, je tento poza-
davek trividlné splnén.

}

int main() /* demo */

{
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int order = 3;

Protoze skutecny parametr order predavame referenci (odpovidajici
formdlni parametr je referencniho typu), zmény, které v ném podpro-
gram hamming provede, jsou viditelné i navenek. Nejprve ovsem ové-
rime, Ze pri nulové vzdalenosti se hodnota order neméni.

assert( hamming( @, @, order ) == @ 8& order == 3 );
assert( hamming( 1, 1, order ) == @ 8& order == 3 );

Hodnoty v dalsim prikladé se lisi ve dvou bitech (osmém a devatém) a
proto ocekavame, Ze po provedeni funkce hamming bude mit proménné
order hodnotu 9.

assert( hamming( 512, 256, order ) == 2 &8 order == 9 );
assert( hamming( @, 1, order ) == 1 && order == 0 );

assert( hamming( Oxffffff, 0, order ) == 24 ):

assert( hamming( Oxffffffffff, 0, order ) == 40 );

assert( hamming( 0xf000000000, Oxf, order ) == 8 ):

assert( hamming( 0xf000000RC0, OxedPOROAVD, order ) == 1 ):

return 0;

1.d.4 [root] T V této posledni ukdzce bude nasim cilem spocitat ce-
lo¢iselnou n-tou odmocninu zadaného nezdporného ¢isla k. Nejprve
ale budeme pottebovat dvé pomocné funkce: celo¢iselny dvojkovy lo-
garitmus a n-tou mocninu. Vyzbrojeni témito funkcemi pak budeme
schopni odmocninu vypocitat tzv. Newtonovou-Raphsonovou meto-
dou.

Celociselny dvojkovy logaritmus ¢isla n definujeme jako nejvétsi celé
¢&islo k takové, ze 28 < m. Za povéimnuti stoji, Ze pron < 1 takové k
neexistuje - proto tuto funkci definujeme pouze pro kladnd n.

auto int_log2( auto n )

{
Jako obvykle nejprve ovétime vstupni podminku.
assert( n > 0 );

Vypocet budeme provadét v pormocné proménné, ktera bude stejného
typu jako n.

decltype( n ) result = 0;

Princip vypoctu je jednoduchy, uvdzime-li dvojkovy rozvoj ¢islan =
> a,2%, ktery obsahuje ¢len 2° pro kazdy nenulovy bit a;. Dvojkovym
logaritmem bude praveé nejvyssi mocnina dvojky, kterd se v tomto
rozvoji objevi: jisté pak plati, Ze 2% < n, staéi se ujistit, Ze takto ziskané
k je nejvétsi mozné. Uvazme tedy, Ze existuje néjaké I > k a zaroven
2! < m. Pak se ale musi 2! nutné objevit ve dvojkovém rozvoji ¢isla n,
coz je spor s tim, Ze k byla nejvyssi mocnina v témze rozvoii.

Staci ndam tedy nalézt rad nejvyssiho jednickového bitu. To provedeme
tak, Ze budeme provddét bitové posuny doprava tak dlouho, az n vynu-
lujeme. Pocet takto provedenych posunt je pak hledany rad.

while (n>1)
{
++result;
n >>=1;

}

return result;

}

Jazyk C++ na rozdil od nékterych jinych neposkytuje zabudovanou
operaci mocnéni pro celociselné typy. Vypocet provedeme znamym
algoritmem bindrniho umocriovani (anglicky zndmého popisnéji jako
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,exponentiation by squaring”).? Klicovou vlastnosti tohoto algoritmu
je, Ze jeho sloZitost je linedrni k poc¢tu bitt1 exponentu - naivni algorit-
mus opakovanym ndsobenim ma naproti tomu slozitost exponencialni
(slozitost je v tomto pripadé primo umeérna hodnoté exponentu, nikoliv
délce jeho zapisu).

auto int_pow( auto n, auto exp )

{

Operaci budeme definovat pouze pro kladné exponenty. Vyhneme se
tak mimo jiné nutnosti definovat hodnotu pro 0°.

assert( exp >= 1 ):

Pomocnd proménnd, ktera bude udrzovat liché“ mocniny. Jeji vyznam
je presnéji vysvétlen nize.

decltype( n ) odd = 1;

Vypocet je zaloZeny na pozorovani, Ze pro sudy exponent k plati n* =
n? = (n?) kde | = k/2. Za cenu vypoctu jedné druhé mocniny - n?
- tak muiZeme exponent snizit na polovinu (cyklus se provede pravé
tolikrdt, kolik bitt je v zapisu hodnoty exp).

while (exp > 1)
{

Musime ovéem jesté vyrtesit situaci, kdy je exponent lichy. Zde je po-
nim zapisu bychom mohli tento vztah primo pouzit, v tom iterativnim
ale nastane drobny problém: faktor n pred zavorkou nevstupuje do
vypoctu druhé mocniny v dalsi iteraci. Asi nejjednodussim resenim
je pouZiti pomocného stradace, ktery bude udrZovat tyto ,prebyvajici”
faktory. Je-li exp liché, prindsobime tedy faktor n do proménné odd. Na
konci ovsem nesmime zapomenout, Ze ve vysledném n tyto faktory
chybi.

if (exp%2-==1)
odd *= n;

Déle je vypocet pro sudé i liché exponenty stejny: hodnotu proménné
numocnime na druhou a exponent vydélime dvéma.

n *=n,

exp /:YZ;
}

Na zavér si vzpomeneme, Ze nékteré faktory celkového vysledku jsme
si ,odlozili“ do proménné odd.

return n * odd;

Pro ilustraci uvazme vypocet 3%

iterace ‘ n ‘ exp ‘ odd
0. 3 10 1
1. 3.3 5 1
2. (3-3)-(3-3) 2 133
3 (3-3)(3-3)-(3-3)-(3-3)| 1 |33

V proménné n jsme sesbirali 8 faktorti, zatimco proménnd odd ziskala
2, celkem jich je tedy potfebnych 10. Rekurzivni vypocet by naproti
tomu dopadl takto:

(3:(3-3)-(8:3)-(3-(83-3)-(3-3))

Popis algoritmu na ceské wikipedii je v dobé psani tohoto textu zcela nepouzitelny. Podivejte
se radeji do té anglickeé.
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Uvazme jesté vypocet 3. Je zejména dulezité si uvédomit, ze faktor,
ktery na daném radku priddavame do odd (je-li exp na predchozim radku
liché) je pravé hodnota n z tohoto predchoziho radku.

iterace ‘ n ‘ exp ‘ odd
0. 3 11 1
1. 3-3 5 3
2. (3-3)-(3-3) 2 13(33)
3. (3-3)-(3-3)(3-3)-(3-3) | 1 |3-(3-3)

Stejny vypocet rekurzivneé:

3-(3-(3-3)-(3-3)-(3-(3-3)-(3-3)

}

Tim se dostdvame k posledni ¢asti: samotnému vypoctu celociselné
odmocniny. Budeme ji opét definovat jako nejvéetsi s takové, ze s < k.

auto int_nth_root( auto n, auto k )

{

Pro jednoduchost budeme uvazovat pouze odmocniny nezapornych
¢isel.

assert( k >= 0 );

assert(n >=1);
Jednoduché pripady vytesime zvldst, protoZe by ndm v obecném vy-
poctu nize pusobily urcité potize.

if(n=11]lk=9)

return k;

Na podrobny popis Newtonovy-Raphsonovy metody (znamé téz jako
metoda tecen) zde nemdame prostor: mozna ji znate z kurzu matema-
tické analyzy, pripadné si ji mtuzete vyhledat napr. na wikipedii. Pro
nds jsou klicové jeji zakladni vlastnosti:

1. metoda ndm umozni rychle nalézt z takové, Ze pro zadané f plati
f(z)=0,

2. potrebujeme k tomu samoziejme definici f,

3. dale jeji prvni derivaci f”

4. apocatecni odhad hledané hodnoty z;.

Vypocet opakované zlepsuje aktualni odhad z, a to pomoci vzorce:

Ty = — f(z)/f(2)

Vyvstava otdzka, jak nam hleddni nuly pomuiZe ve vypoctu odmocniny.
K tomu musime problém preformulovat. Uvazme

f(s)=s"—k
Je-li f(s) = 0, pakjisté s™ = k, coZ je ale pfesné definice n-té odmocniny

(prozatim té redlné). Potfebujeme jesté derivaci, kterd je nastést{ velmi
jednoducha:

f(s)=n-s+t

protozZe m je celociselnd konstanta (pron = 1 bychom ovsem narazili
na problém). Celkem tedy:

Sip1 =8 — (7 —k)/(n-s[7)

Nebo vyhodnéji (pfechodem na spolec¢ny jmenovatel a kracenim moc-
nin s,):
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51+1 = tz / n

t, =Mn-1)-s+k/s"!

Zbyva pocitecni odhad, ktery potfebujeme spocitat rychle (a samo-
ztejmé potfebujeme, aby byl co nejblize vysledné hodnoté s). Vyuzi-
jeme k tomu dfive definovany dvojkovy logaritmus. Protoze log(a®) =
b - log(a), muzeme hledanou odmocninu odhadnout jako 2+! pro
I = [log,(k)/n]. Take si vSimneme, Ze tento odhad lezi na stejné strané
jediného stacionarniho bodu funkce f(totiz s = 0) jako skute¢né reseni.
NemuiZe se nam tedy stét, Ze by vypocet divergoval.

auto s = 2 << (int_log2( k) / n ):

Samotnad iterace je po zdlouhavé priprave uz velmi jednoduchd. Zbyvaji
nam k vyreseni dva (souvisejici) problémy: kdy iteraci ukoncit a jak
vypocet provést nad celymi ¢isly. ProtoZe & > 0, je funkce f v kritické
oblasti konvexni (te¢ny lezi pod grafem). Po prvni iteraci bude nés
odhad tedy celkem jisté prilis velky - prtisec¢ik te¢ny s osou z najdeme
vpravo od skutecné nuly - a tato situace se uz nezmeéni.

V tuto chvili ale do hry vstupuje skute¢nost, Ze pracujeme s celymi a
nikoliv redlnymi ¢isly. Vypocet jsme usporddali tak, aby byl vypocet
pruseciku presny - konkrétneé je vysledkem vypoctu dolni celd ¢ast
jeho redlné hodnoty. Tato dolni celd ¢dst sice mtiZe byt mensi, nez
skutecnd hodnota redlné odmocniny, nemutize ale byt mensi nez nami
definovand celociselna odmocnina.

Tato pozorovani nam konec¢né umozni formulovat podminku ukonceni:
najdeme-li skute¢nou celo¢iselnou odmocninu, dalsf odhad mtiZe byt
bud stejny nebo vétsi nez ten predchozi. Tato situace zarovern nemtze
nastat drive:

1. z konvexnosti plyne, Ze odhad, ktery je prilis velky, se musi ke
skute¢nému vysledku provedenim iterace pribliZit,

protoZe predchozi vypocteny odhad je vzdy celé ¢islo, musi sebe-
mensi posun na redlné ose smérem doleva vést ke sniZzeni jeho

dolni celé ¢asti alespon o jednicku.
Celkoveé tedy cyklus skonci presné ve chvili, kdy zacne platit s™ < k.

while ( true )

{
const auto t = (n-1) »s +k / int_pow(s, n-1);
const auto s_next = t / n;

if ( s_next >=s )
return s;

else
S = s_next;

}

int main() /* demo */

{
assert( int_log2( 1) == 9 );
assert( int_log2( 2 ) ==1);

assert( int_pow( 2, 2 ) == 4 ):

assert( int_nth_root( 1, 2 ) == 2 ):
assert( int_nth_root( 2, 4 ) == 2 ):
assert( int_nth_root( 3, 8 ) == 2 );

for (int k = 9; k < 1000; +k )
for (intn=1; n < 20; +n )
{
auto root = int_nth_root( n, k );
assert( int_pow( root, n ) <= k ):
assert( int_pow( root + 1, n ) > k );

}

return 0;

}
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Cast 1.e: Elementéarni priklady

l.ed [factorial] Vypoctéte faktoridl zadaného nezdporného cisla.
int factorial( int n );

1.e.2 [concat] Najdéte a vratte ¢islo, které vznikne zapsanim (nezdpor-
nych) celych ¢isel a, b v bindrnim zdpisu za sebe (zdpis ¢isla a bude
vlevo, zapis ¢isla b vpravo a bude doplnén levostrannymi nulami na
délku b_bits bitt). Je-1i zapis ¢isla b delsi neZ b_bits, vysledek neni
definovan.

Priklad: concat( 1, 1, 2 ) vrati hodnotu 8b101 = 5.

std: :uint64_t concat( std::uint64_t a,
std: :uint64_t b, int b_bits );

1.e.3 [zeros] ZapiSme nezdporné ¢islon v soustavé o zakladu base. Ur-
Cete kolik (nelevostrannych) nul se v tomto zapisu objevi. Do vystup-
niho parametru order uloZte tdd nejvyssi z nich. Neni-li v zdpisu nula
7Zadnd, hodnotu order nijak nemeénte.

int zeros( int n, int base, int &order ):

led [normalize] Write a function to normalize a fraction, that is, find
the greatest common divisor of the numerator and denominator and
divide it out. Both numbers are given as in/out parameters.

// void normalize( .. )
Cast 1.p: Pripravy

1p.a [nhamming] Nezdporna ¢isla a, b zapiSeme v pozi¢ni soustaveé o za-
kladu base. Spoctéte hammingovu vzdalenost téchto dvou zapisa (pri-
tom zapis kratsiho ¢isla podle potreby doplnime levostrannymi nu-
lami).

int hamming( int a, int b, int base );

1p.2 [digitsum] Funkce digit_sum secte cifry nezdporného ¢isla num
v zapisu o zékladu base. Je-li vysledek ve stejném zdpisu viceciferny,
secte cifry tohoto vysledku, atd., az je vysledkem jedind cifra, kterou
vrati jako svtij vysledek.

int digit_sum( int num, int base );

1.p.3 [parity] Funkce parity zjisti, je-li pocet jednic¢ek na vstupu sudy
(vysledkem je false) nebo lichy (vysledkem je true).

Jednicky poc¢itame v bindrnim zdpisu vstupniho bezznaménkového
¢islaword. Je-li navic chksumna zac¢atku true, pocitd se jako dalsi jednicka.
Celkovy vysledek jednak uloZte do parametru chksun, jednak ho vratte
jako navratovou hodnotu.

bool parity( auto word, bool &chksum );

1p.4 [periodic] Najdéte nejmensi nezdporné cislo n takové, ze
64-bitovy zdpis cisla word lze ziskat zretézenim néjakého poctu bi-
narné zapsanych kopii n. ProtoZe potrebny zdpis n mtze obsahovat
levostranné nuly, do vystupniho parametru length uloZte jeho délku
v bitech. Je-1i mozné word sestavit z rizné dlouhych zdpist néjakého
n, vyberte ten nejkratsi mozny.

Priklad: pro word = 0x100000001 bude hledané n = 1, protoze word lze
zapsat jako dvé kopie ¢isla 1 zapsaného do 32 bitt.

std: :uint64_t periodic( std::uinté4_t word, int 8length ):

1.p.5 [balanced] V této uloze budeme opét pocitat ciferny soucet, ale
v takzvanych vyvazZenych cifernych soustavach, které maji jak za-
porné tak kladné ¢islice. Budeme uvazovat pouze liché zdklady symet-
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ricky rozloZené kolem nuly (tzn. trojkovou s ¢islicemi —1, 0, 1, pétkovou
—2,—1,0, 1,2, atd.). Vasim ukolem je napsat predikat is_balanced, ktery
rozhodne, ma-li zadané ¢islo n ve vyvazené soustavée zadané svym za-
kladem base nulovy ciferny soucet.

Vypocet cifer ¢isla n ve vyvazené soustaveé o zakladu b probiha po-
dobné, jako v té klasické se stejnym zdkladem. Nejprve si pfipomeneme
klasicky algoritmus. Nastavime n, = n a opakujeme:

1. cifru¢; ziskdme jako zbytek po déleni n; zdkladem b,
2. spocitdme n,,; tak, Ze vydélime n; zdkladem b,
3. je-li vysledek nenulovy, pokracujeme bodem 1, jinak skon¢ime.

Abychom ziskali vyvazeny zdpis misto toho klasického, musime vy-
resit situaci, kdy ¢; nen{ povolenou ¢fslici. VSimneme si, Ze musi po
kazdém kroku platit (pfimo z definice pouZitych operaci):

Ny = ¢4 bniyy

Tuto rovnost musime zachovat, ale zdroven potfebujeme, aby c; bylo
platnou ¢islici. To zajistime jednoduse tak, Ze od c; odecteme b a pti-
¢teme misto toho jednicku k n;,, (tfm se soucet jisté nezméni, protoze
jsme jedno b ubrali a jedno pridali).

bool is_balanced( int n, int base );

1.p.6 [subsetsum] Vstupem pro problém subset sum je mnozina povole-
nych ¢isel A a hledany soucet n. Redenim je pak podmnozina B C A
takova, Ze soucet jejich prvku je praveé n.

V tomto prikladu budeme pracovat pouze s mnozinami A, které obsa-
huji kladna ¢isla mensi nebo rovna 64, a které lze tedy reprezentovat
jedinym bezznaménkovym ¢islem z rozsahu 0 (prazdnd mnozina) az
284 _ 1 (obsahuje viechna éfsla 1,2, ...,64). Cislo 1 pak reprezentuje
mnozinu {1}, ¢islo 2 mnoZinu {2}, ¢islo 3 mnozinu {1, 2} atd.

Vasim ukolem je napsat funkci subset_sum, které vysledkem bude true,
ma-li zadand instance reseni. Toto reseni zaroven zapise do vystupniho
parametru. V pripadé, Ze reseni neexistuje, hodnotu solution nijak
nemeérite.

bool subset_sum( int n, std::uint64_t allowed,
std: :uint64_t &solution );

Cast 1.r: Resené ulohy

1ra [bitwise] Predmétem této ulohy jsou ternarni bitové operace:
vstupem jsou 3 ¢isla a kod operace. Kazdy bit vysledku je urcen prislus-
nymi 3 bity operandui. Tyto 3 vstupni bity 1ze chapat jako pravdivostni
hodnoty - potom je celkem jasné, Ze operaci mtizeme zadat klasickou
pravdivostni tabulkou, ktera pro kazdou kombinaci 3 bitt urci vysle-
dek. Mohla by vypadat napt. takto:

a b c|vysledek
000 75
001 7
010 75
011 T3
100 Ty
101 s
110 Ts
111 s

Snadno se nahlédne, Ze zafixujeme-li tuto tabulku a zaddme hodnoty 7,
az r,, kyzend operace bude jednoznacne urcena. Protoze potrebujeme
8 pravdivostnich hodnot, mtiZeme je naptiklad predat jako jednobajto-
v nejvyssim bitu.

Operace musi fungovat pro libovolny bezznaménkovy celo¢iselny typ.
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Muzete predpokladat, ze hodnoty a, b, ¢ jsou stejnych typt (ale také se
muZete zamyslet, jak resit situaci, kdy stejné nejsou).

auto bitwise( std::uint8_t opcode, auto a, auto b, auto ¢ );

1.r.2 [euler] Thisis a straightforward math exercise. Implement Eu-
ler’s [¢], for instance using the product formula ¢(n) = nfI(1 — 1/p)
where the product is over all distinct prime divisors of n. You may need
to take care to compute the result exactly.

long phi( long n ); /* ref: 21 lines */
1r.3 [hamcode] V této uloze budeme programovat dekodér pro kéd Ha-
mming(8, 4) - jednd se o variaci béznéjsiho Hamming(7, 4) s dodatec-
nym paritnim bitem.
Vstupni blok je zaddn osmibitovym ¢islem bez znaménka:

Po | P1 P2 | di ps | dy | ds | ds
7 6 5 4 3 2 1 0]

Blok je spravné utvoreny, plati-li tyto vztahy:

py = P(dy,dy,dy)
Py = P(d;,d3, dy)
ps = P(d;, ds,dy)
Do = P(P1,P,D3,d1,d2,ds,dy)

kde Pznadi paritu. Graficky (zvyraznény bit je paritnim pro vyznacené

bity):

L
N
|

Rozmyslete si, jaky maji uvedené vztahy dopad na paritu celych ozna-
¢enych oblasti. Poté napiste funkci h84_decode, kterd na vstupu dostane
jeden blok, oveéri spravnost paritnich bitu, a je-li vse v poradku, vrati
true a do vystupniho parametru out zapise dekddovanou putlslabiku (d

1.r.5 [cellular] Napiste ¢istou funkci, kterd simuluje jeden krok vypo-
¢tu jednorozmérného bunécéného automatu (cellular automaton). Stav
budeme reprezentovat celym ¢islem bez znaménka - jednotlivé buniky
budou bity tohoto ¢isla. Stav osmibitového automatu by mohl vypadat
naptiklad takto:

0Ol111]0]1]0]0]1

7 6 5 4 3 2 1 0

Pro zjednodugeni pouzijeme pevnou sadu pravidel (+1, O, -1 jsou rela-
tivn{ pozice bitt viic¢i tomu, ktery pravé pocitdme):
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+1 0 -1|nova
0O 00 1

0O 0 1] O
0O 1 0] O
01 1] 0

1 0 O 1

1 0 1| O

1 1 0 1

1 1 1] O

Pravidla urcuji, jakou hodnotu bude mit burika v nasledujicim stavu,

v zdvislosti na okolnich bunkach stavu nynéjsiho. Na krajich stavu
interpretujeme chybéjici policko jako nulu.
Vypocet s touto sadou pravidel tedy funguje takto:

1 001—0

2 011—-0

3 110—->1

atd.

7 010—0

8 100—>1

Vypocet kroku by mélo byt mozné provést na libovolné sirokém celo-
¢iselném typu.

auto cellular_step( auto w ):

Cast 2: Slozené hodnoty

V této kapitole samoziejmé pokracujeme s pouzitim funkci, skalarta
a referenci, a pridavdme sloZzené hodnoty: standardni kontejnery
(std::vector, std: :set, std: :map, std: :array) a souc¢inové (produktové)
typy struct a std: : tuple.

Ukéazky:

1. stats - zdznamové typy, zjednoduseny for cyklus
primes - vkladdni prvkt do hodnoty typu std: :vector
iterate - vytvoreni posloupnosti iteraci funkce

dfs - dosazitelnost vrcholu v grafu

bfs T - nejkratsi vzdalenost v neohodnoceném grafu

DA W

Elementary exercises:

1. fibonacci - stard posloupnost, nova signatura
2. reflexive - reflexivni uzavér zadané relace
3. unique - odstranéni duplicit ve vektoru

Preparatory exercises:

minsum - déleni posloupnosti ¢isel podle souctu
connected - rozklad grafu na komponenty souvislosti
divisors - kontejner jako vstupné-vystupni parametr
midpoint - kontejner s prvky sloZzeného typu

dag T - hleddni cyklu v orientovaném grafu

bipartite - rozhodovani o bipartitnosti grafu

O e i

Regular exercises:

mode - naleznéte maod ¢iselné posloupnosti

sssp - nejkratsi cesty z pevné zvoleného vrcholu
solve - solver pro velmi jednoduchou hru
buckets - razeni kament do kyblickt podle vahy
permute - permutace ¢islic

flood - seminkové vyplnovani s vektorem

o Uk W

1 Hlavickové soubory Tato kapitola pridava fradu novych povolenych
hlavickovych souborti:

e tuple - definice N-tic std: : tuple a pomocnych funkci,
e vector - definice dynamického pole std: :vector,
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e set -podobné, ale pro std: :set a std: :multiset,

e map - umoZnuje pouZiti kontejnert std: :map, std: :multimap,

e deque - definuje oboustrannou frontu std: : deque,

e queue - definuje klasickou frontu std: : queue,

e stack - podobné ale zasobnik std: : stack,

e utility - rtizné pomocné funkce, std: :pair,

e ranges - prozatim zejména std: :ranges: :subrange,

e nuneric - funkce pro praci (zejména) s ¢iselnymi sekvencemi,
e cmath - funkce pro praci s ¢isly s plovouci desetinnou ¢arkou.

Cast 2.d: Demonstrace (ukdzky)

2.d.1 [stats] V této ukdzce spocitdme nékolik jednoduchych statistic-
kych veli¢in - miry polohy (pramér, medidn) a variance (smérodat-
nou odchylku). Vyuzijeme k tomu zdznamoveé typy a sekvenéni typ
std: :vector. Nejprve si definujeme typ pro vysledek nasi jednoduché
analyzy - pouZijeme k tomu zdaznamovy typ, ktery deklarujeme klico-
vym slovem struct, ndzvem, a seznamem deklaraci slozek uzavienym
do sloZenych zdvorek (a jako véechny deklarace, ukonéime i tuto stfed-
nikem):

struct stats

{
double median = 0.0;
double mean = 0.0;
double stddev = 0.0;
b

Tim mame definovany novy typ s ndzvem stats, ktery mtizeme ddle
pouzivat jako libovolny jiny typ (zabudovany, nebo ze standardni
knihovny). Zejména muizeme vytvaret hodnoty tohoto typu, preda-
vat je jako parametry nebo vracet jako vysledky podprogram.

V této ukdzce si zadefinujeme ¢istou funkei compute_stats, kterd po-
trebné veli¢iny spocitd a vrati je jako hodnotu typu stats. Vstupni pa-
rametr data preddme konstantni referenci: hodnoty nebudeme nijak
ménit (programujeme ¢istou funkci a data povazujeme za vstupni para-
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metr). Zaroven nepotiebujeme vytvorit kopii vstupnich dat - budeme
je pouze c¢ist, takovd kopie by tedy byla celkem zbytecnd a potencidlné
draha (dat, které chceme zpracovat, by mohlo byt mnoho).

stats compute_stats( const std::vector< double > &data )

{
int n = data.size();
double sum = @, square_error_sum = 9;
stats result;

Na tomto misté se ndm bude hodit novy prvek fizeni toku, kterému
budeme fikat struény for cyklus (angl. ,range for"). Jeho ucelem je
prochdazet posloupnost hodnot uloZenou v iterovatelném typu (pouZi-
telnost hodnoty ve stru¢ném for cyklu lze chdpat primo jako definici
iterovatelného typu). Do zavorky uvadime deklaraci proménné cyklu
(muizeme zde pouzit zdstupné slovo auto) a dvojteckou oddéleny vy-
raz. Tento vyraz musi byt iterovatelného typu a vysledna iterovatelna
hodnota je ta, kterou budeme cyklem prochazet.

for ( double x_i : data )

Cyklus se provede pro kazdy prvek predané iterovatelné hodnoty.
Tento prvek je pokazdé uloZen do proménné cyklu (kterd muiZze byt
referenci - v takovém ptipadé tato reference odkazuje pfimo na prvek,
v opacném pripadé se jednd o kopii).

sum += X_1;

K polozkdm hodnoty zaznamového typu pristupujeme vyrazem
expr.field, kde:

e exprje vyraz zaznamového typu (zejména to tedy mtze byt nazev
proménné), nasledovany

e teckou (technicky se jednd o operdtor s vysokou prioritou),

o fieldjejméno atributu (tzn. na pravé strané tecky nestoji vyraz).

Je-li vyraz expr I-hodnotou, je I-hodnotou i vyraz pristupu k poloZce
jako celek a lze do néj tedy priradit hodnotu.

result.mean = sum / n;

Medidn ziskdme dobfe zndmym postupem. Za povsimnuti stoji inde-
xace vektoru data zdpisem indexu do hranatych zdvorek. Obecnéji
jsou-lix a ivyrazy, je vyraz také x| i | kde x je indexovatelného typu
(omezenina typ i zavisi na typu x). Je-li x navic I-hodnota, je I-hodnotou
ivyrazx| 1 |jako celek.®*

if (n%2==1)
result.median = datal n / 2 |;
else
result.median = (datal n /2 ] +datafln/2-17)/2;

Konecneé spocitdme smérodatnou odchylku. K tomu budeme potrebo-
vat dfive vypocitany prameér.

for ( dowble x_i : data )
square_error_sum += std::pow( x_i - result.mean, 2 );

double variance = square_error_sum / (n -1 );
result.stddev = std::sqrt( variance ):

return result;

}

int main() /* demo */

{
std: :vector< double > sample = { 2, 4, 4, 4, 5,5, 5, 7, 9 }:
auto s = compute_stats( sample );

By nékterych piipadech je x[ i ]1-hodnotou i v pripadé, Ze x samotné I-hodnota neni (opa¢na
implikace tedy obecné neplati). Vyslednou I-hodnotu ale stejné nelze smysluplné pouzit.
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assert( s.mean == 5 ):
assert( s.median == 5 ):
assert( s.stddev == 2 ):

sample.push_back( 1100 );
s = compute_stats( sample );

assert( s.median == 5 ):
assert( s.mean > 100 );
assert( s.stddev > 100 );

2.d.2 [primes] Krom jednoduchych vystupnich parametra (kterymi
jsme se zabyvali v pfedchozi kapitole) 1ze uvazovat i o vystupnich para-
metrech sloZenych typt. V této ukdzce naprogramujeme funkci primes,
ktera na konec predaného objektu typu std: :vector vlozi véechna pr-
vocisla ze zadaného rozsahu.

O parametru out budeme mluvit jako o vystupnim parametru, i kdyz
notou provadet, se totiz neomezuji pouze na ¢teni a prifrazeni. Musime
tedy védet, jak zavisi chovani operaci, které chceme provést, na poca-
te¢n{ hodnoté.

Napriklad operace vlozeni prvku na konec vektoru bude fungovat
stejné pro libovolny vektor.* ProtoZe Zadnou jinou operaci s parame-
trem out provadét nebudeme, je jeho oznaceni za vystupni parametr
opodstatnéné.

void primes( int from, int to, std::vector< int > 8out )

{

for ( int candidate = from; candidate < to: ++ candidate )

{
bool prime = true;
int bound = std::sqrt( candidate ) + 1:

Rozhodovani o prvociselnosti kandiddta provedeme naivne, zkusmym
délenim.

for (int div = 2; div < bound; ++ div )
if ( div != candidate & candidate % div == @ )
{
prime = false;
break;
}

Konec¢né, je-li kandidat skutecné prvocislem, vloZime ho na konec vek-
toru odkazovaného parametrem out (protoZe out je referencéniho typu,
out je pouze nové jméno pro puvodn{ objekt uvedeny ve skute¢ném
parametru).

Novym prvkem je zde ale zejména volani metody. Syntakticky se po-
doba pristupu k polozce (viz predchozi ukazka), ale je nasledovdno
kulatymi zdvorkami a seznamem parametru, stejné jako volani béz-
ného podprogramu. Vyraz pred teckou se pouZije jako skryty parametr
metody (ta tedy s vyslednou hodnotou muiZe pracovat - zde napriklad
volan{ out.push_back( x ) modifikuje objekt out). O metodéch si toho
povime vice v nasledujici kapitole.

if ( prime )
out.push_back( candidate );
}
}
int main() /* demo */
{

std: :vector< int > p_out;
std::vector< int > p7 = { 2, 3, 5 },

14 situaci, kdy je vektor ,plny" (obsahuje tolik prvku, Ze dalsi nelze pridat, i kdyby to kapacita

paméti umoznila) mtzeme zanedbat: na 64b pocitaci, ktery skutecné existuje, nemuze nastat.
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pl5 = {2, 3,5 7, 11, 13 }:

primes( 2, 7, p_out );
assert( p_out == p7 );
primes( 7, 15, p_out ):
assert( p_out == p15 );

2.d.3 [closure] In this demo, we will check closure properties of relati-
ons: reflexivity, transitivity and symmetry. A relation is a set of pairs,
and hence we will represent them as std: :set of std: :pair instances.
We will work with relations on integers. Recall that std: :set has an

efficient membership test: we will be using that a lot in this program.
using relation = std::set< std::pair< int, int > >;

The first predicate checks reflexivity: for any £ which appears in the
relation, the pair (z, z) must be present. Besides membership testing,
we will use structured bindings and range for loops. Notice that a bra-
ced list of values is implicitly converted to the correct type (std: :pair<
int, int >).

bool is_reflexive( const relation &r )

{

Structured bindings are written using auto, followed by square brackets
with a list of names to bind to individual components of the right-hand
side. In this case, the right-hand side is the loop variable - i.e. each of
the elements of r in turn.

for (auto [ x, vy ] :1)

{
if ( 'r.contains( { x, x } ) )
return false;
if ( !r.contains( {vy, v } ) )
return false;
}

We have checked all the elements of r and did not find any which
would violate the required property. Return true.

return true;

}

Another, even simpler, check is for symmetry. A relation is symmetric
if for any pair (z,y) it also contains the opposite, (y, z).

bool is_symmetric( const relation 8r )

{
for (auto [ x, v ] :1)
if ( !r.contains( {vy, x } ) )
return false;
return true;
}

Finally, a slightly more involved example: transitivity. A relation is
transitive if Vz,y, 2.(z,y) € r A (y,2) € r — (z,2) € 7.

bool is_transitive( const relation &r )

{

for (auto [ x, v ] :1)

for (auto [ y_prime, z | : 1)
if (y == y_prime &8 !r.contains( { x, z } ) )
return false;

return true;
}
int main() /* demo */
{

relation r_1{ {1, 1}, {1, 2} };
assert( !is_reflexive( r_1 ) ):
assert( !is_symmetric( r_1 ) ):
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assert( is_transitive( r_.1 ) ):

relationr2{ {1, 1}, {1, 27} {2 2} };
assert( is_reflexive( r_2 ) );
assert( !is_symmetric( r_2 ) ):
assert( is_transitive( r_2 ) ):

relationr3{ {2, 1}, {1, 2}, {2 2} }:
assert( !is_reflexive( r.3 ) ):
assert( is_symmetric( r_3 ) ):
assert( !is_transitive( r_3 ) ):

2.d.4 [dfs] V této ukdzce se budeme zabyvat prohleddvdnim oriento-
vaného grafu. Asi nejjednodussim vhodnym algoritmem je rekurzivn{
prohleddvani do hloubky. Konkrétné nas bude zajimat odpovéd na
otazku ,je vrchol b dosazitelny z vrcholu a?. Budeme navic poZado-
vat, aby byla prislusnd cesta neprazdna (tzn. a budeme povazovat za
dosazitelné z a pouze lezi-li na cyklu).

Vstupni graf bude zadany za pomoci seznamu ndslednikti: typ graph
uddva pro kazdy vrchol grafu jeho ndsledniky. Asociativni kontejner
std: :map uklddd dvojice klic-hodnota a umoznuje mimo jiné efektivné
(v logaritmickém case) nalézt hodnotu podle zadaného klice.
Véimnéte sitaké, ze mnozina vrcholti nemusi nutné sestavat z nepreru-
Sené posloupnosti, nebo jen z malych ¢isel (proto pouzivame std: :map
a nikoliv std: :vector).

using edges = std::vector< int >;
using graph = std::map< int, edges >;

Krom samotného grafu budeme potfebovat reprezentaci pro mnozinu
navstivenych vrchold. V grafu s cykly by algoritmus, ktery si takovou
mnozinu neudrzuje, vedl na nekonec¢nou rekurzi (nebo nekone¢ny
cyklus). Navic i v acyklickém grafu bude takovy algoritmus vyzZadovat
(v nejhorsim ptipadé) exponencidlni ¢as.

Protoze sémanticky se jednd o mnozinu, neni asi velkym prekvape-
nim, Ze pro jeji reprezentaci pouZijeme asociativn{ kontejner std: :set.
Vyhleddni prvku (resp. test na pritomnost prvku) v std: :set ma loga-
ritmickou ¢asovou slozitost. Podobné tak vloZeni prvku.

using visited = std::set< int >;

Hlavni rekurzivni podprogram bude potfebovat 2 pomocné parametry:
jiZ zminovanou mnozinu navstivenych vrchol®, a navic pravdivostni
hodnotu moved, ktera resi pripad, kdy potfebujeme zjistit, zda je vrchol
dosazitelny sdm ze sebe. Naivn{ feseni by totiZ pro dvojici (a,a) vZdy
vratilo true (v rozporu s nasim zaddnim). Proto si v tomto parametru
budeme pamatovat, zda jsme se jiz podél néjaké hrany posunuli.
Tento podprogram bude tedy odpovidat na otdzku ,existuje cesta, ktera
zacind ve vrcholu from, neprochdzi Zadnym vrcholem v seen, a zdroven
konci ve vrcholu to? Véimnéte si ale, Ze mnozinu seen predavame
odkazem (referenci) - existuje pouze jedind mnozina navstivenych
vrcholt, sdilend véemi rekurzivnimi aktivacemi podprogramu. Jakmile
tedy vrchol potkdme na libovolné cesté, bude vyloucen ze zkoumani ve
véech ostatnich vétvich vypoctu (tedy i v téch sourozeneckych, nikoliv
jen v potomcich toho soucasného).

bool is_reachable_rec( const graph &g, int from, int to,
visited 8seen, bool moved )

{

Prvni bazovy pripad je situace, kdy jsme cilovy vrchol nasli - protoze je
velmi jednoduchy, vyresime jej prvni. VSimnéte si kontroly parametru
moved.

if ( from == to &R moved )
return true;

Hlavni cyklus pokryva zbyvajici pripady:
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1. druhy bazovy ptipad, kdy Zddny nenavstiveny potomek jiZ neexis-
tuje (tzn. nachdzime se ve slepé vétvi a vysledkem je false), a

2. pripad, kdy existuje dosud nenavstiveny soused - pak lze ale pro-
blém vyresit rekurzi, protoZe soucasny vrchol jsme z problému
vyloucili a zbyvajici problém je tedy mensi.

Vysledkem volani metody at je reference na hodnotu pridruZenou klici,
ktery jsme predali v parametru. Proménna next tedy nabyva hodnot,
které odpovidaji primym ndsledniktim vrcholu from.

for ( auto next : g.at( from ) )

V pripadé, Ze jsme nalezli nenavstiveny vrchol, nejprve ho oznac¢ime
za navstiveny a poté provedeme rekurzivni volani. ProtoZe jsme se
prave posunuli po hrané from, next, nastavujeme parametr moved na
true.

if ( !seen.contains( next ) )

seen.insert( next ):
if ( is_reachable_rec( g, next, to, seen, true ) )
return true;

}

Skonci-li cyklus jinak, nez navratem z podprogramu, znamena to, ze
jsme vycerpali véechny moznosti, aniz bychom nasli pripustnou cestu,
kterd vrcholy from a to spojuje.

return false;

}

Konecné doplnime jednoduchou funkci, kterd doplni potfebné hodnoty
pomocnym parametraim. Odpovida na otdzku ,lze se do vrcholu to
dostat podél jedné nebo vice hran, zacneme-li ve vrcholu to?"

Za povsimnuti také stoji, Ze is_reachable je ¢istou funkci (a to i presto,
7e is_reachable_rec ¢istou funkci neni).

bool is_reachable( const graph &g, int from, int to )
{
visited seen;
return is_reachable_rec( g, from, to, seen, false );

}
int main() /* demo */
{
graph g{ {1, { 2,3, 4}}
{2 {1, 2}}
{3, {3 4}}
{4, {3},
{5 {31}
assert( is_reachable( g, 1, 1) ):
assert( 'is_reachable( g, 4, 4 ) );
assert( is_reachable( g, 1, 2 ) ):
assert( is_reachable( g, 1, 3 ) ):
assert( is_reachable( g, 1, 4 ) ):
assert( !'is_reachable( g, 4, 1) );
assert( is_reachable( g, 3, 3 ) ):
assert( !is_reachable( g, 3, 1) ):
assert( is_reachable( g, 5, 4 ) );
assert( !is_reachable( g, 5, 1) );
assert( !is_reachable( g, 5, 2 ) ):
}

2.d.5 [bfs] T The goal of this demonstration will be to find the shortest
distance in an unweighted, directed graph:

1. starting from a fixed (given) vertex,
2. tothe nearest vertex with an odd value.

The canonical ‘shortest path’ algorithm in this setting is breadth-first
search. The algorithm makes use of two data structures: a queue and a
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set, which we will represent using the standard C++ containers named,
appropriately, std: :queue®™ and std: :set.

In the previous demonstration, we have represented the graph expli-
citly using adjacency list encoded as instances of std: :vector. Here, we
will take a slightly different approach: we well use std: :multimap - as
the name suggests, it is related to std: :map with one crucial difference:
it can associate multiple values to each key. Which is exactly what we
need to represent an directed graph - the values associated with each
key will be the successors of the vertex given by the key.

using graph = std::multimap< int, int >;

The algorithm consists of a single function, distance_to_odd, which
takes the graph g, as a constant reference, and the vertex initial, as ar-
guments. It then returns the sought distance, or if no matching vertex
is found, -1.

int distance_to_odd( const graph 8g, int initial )

{

We start by declaring the visited set, which prevents the algorithm
from getting stuck in an infinite loop, should it encounter a cycle in the
input graph (and also helps to keep the time complexity under control).

std::set< int > visited;

The next piece of the algorithm is the exploration queue: we will put
two pieces of information into the queue: first, the vertex to be explored,
second, its BFS distance from initial.

std: :queue< std::pair< int, int > > queue;

To kickstart the exploration, we place the initial vertex, along with
distance O, into the queue:

queue.emplace( initial, @ );
Follows the standard BFS loop:

while ( !'queue.empty() )
{

auto [ vertex, distance ] = queue.front();
queue.pop() ;

To iterate all the successors of a vertex in an std: :multimap, we will use
its equal range method, which will return a pair of iterators - generali-
zed pointers, which support a kind of ‘pointer arithmetic’. The impor-
tant part is that an iterator can be incremented using the ++ operator to
get the next element in a sequence, and dereferenced using the unary
* operator to get the pointed-to element. The result of equal _range is a
pair of iterators:

e begin, which points at the first matching key-value pair in the
multimap,

e end, which points one past the last matching element; clearly, if
begin == end, the sequence is empty.

Incrementing begin will eventually cause it to become equal to end, at
which point we have reached the end of the sequence. Let’s try:

auto [ begin, end | = g.equal_range( vertex );

for ( : begin != end; ++ begin )

{

In the body loop, begin points, in turn, at each matching key-value pair
in the graph. To get the corresponding value (which is what we care

Strictly speaking, std: :queue is not a container, but rather a container adaptor. Internally, un-
less specified otherwise, an std: : queue uses another container, std: :deque to store the data and
implement the operations. It would also be possible, though less convenient, to use std: :deque
directly.
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about), we extract the second element:
auto [ _, next | = #begin;

if ( visited.contains( next ) )
continue; /* skip already-visited vertices */

First, let us check whether we have found the vertex we were looking
for:

if (next%2==1)
return distance + 1;

Otherwise we mark the vertex as visited and put it into the queue,

continuing the search.

visited.insert( next ):
queue.emplace( next, distance + 1 );

}

We have exhausted the queue, and hence all the vertices reachable
from initial, without finding an odd-valued one. Indicate failure to
the caller.

return -1;
}
int main() /* demo */
{
graphg{ {1, 2} {1,6} {24} {2 8} {6, 4}},
h{{8 2} {8 6} {24} {28} {5 8}}
i{{2 4} {4 2}}
assert( distance_to_odd( g, 1) == 2 ):
assert( distance_to_odd( g, 2 ) == 1 );
assert( distance_to_odd( g, 6 ) == -1 );
assert( distance_to_odd( h, 8 ) == 2 ):
assert( distance_to_odd( h, 5 ) == 3 ):
assert( distance_to_odd( i, 2 ) == -1 );
}

Cast 2.e: Elementéarni priklady

2.e1 [fibonacci] Fill in an existing vector with a Fibonacci sequence
(i.e. after calling fibonacci( v, n ), the vector v should contain the first
n Fibonacci numbers, and nothing else).

// void fibonacci( .. )

2.e.2 [reflexive] Build a reflexive closure of a relation given as a set
of pairs, returning the result.

using relation = std::set< std::pair< int, int > >;
relation reflexive( const relation 8r ):

2.e.3 [unique] Filter out duplicate entries from a vector, maintaining
the relative order of entries. Return the result as a new vector.

std: :vector< int > unique( const std::vector< int > & ):

Cast 2.p: Pripravy

2.p.1 [minsum] Na vstupu dostanete posloupnost celo¢iselnych hodnot
(jako instanci kontejneru std: :vector). Vasim tkolem je rozdélit je na
kratsi posloupnosti tak, Ze kazda posloupnost je nejkratsi mozn4, ale

zdroven je jeji soucet alespon sum. Vyjimku tvori posledni posloupnost,

pro kterou nemusi nutné existovat potrebné prvky.
Poradi prvkt musi byt zachovano, tzn. zretézenim vsech posloupnosti
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na vystupu mus{ vzniknout ptvodni posloupnost numbers.
auto minsum( const std::vector< int > 8numbers, int sum ):

2.p.2 [connected] RozloZte zadany neorientovany graf na souvislé
komponenty (vysledné komponenty budou reprezentované mnozinou
svych vrcholll). Graf je zadany jako symetrickd matice sousednosti.
Vrcholy jsou o¢islované od 1 do n, kde n je velikost vstupni matice.

V grafuje hrana {u, v} ptitomna praveé tehdy, je-li na fadku u ve sloupci
v hodnota true.

using graph = std::vector< std::vector< bool > >;

using component = std::set< int >;
using components = std::set< component >;

components decompose( const graph &g );

2.p.3 [divisors] Naleznéte véechny prvociselné délitele ¢isla num a
vloZte je do vektoru divs. Pocate¢ni hodnota parametru divs:

e obsahuje prave vsechny prvociselné délitele vsech ¢isel ostre men-
Sich nez nun,
¢ jevzestupne sefazena.

Vystupni podminkou pro vektor divs je:

e obsahuje vSechna ¢isla, kterd obsahoval na vstupu,
* zdroven obsahuje vSechny prvociselné délitele ¢isla num,
e jevzestupné sefazeny.

Funkce musi pracovat efektivne. Urcit vhodnou ¢asovou slozitost je
v této uloze soucdsti zadani.

void add_divisors( int num, std::vector< int > &divs ):

2.p.4 [midpoints] Strukturu point dopliite tak, aby méla slozky x ay,
kde oboii jsou ¢isla s plovouci desetinnou ¢arkou, a to tak, Ze deklarace
point p; vytvori bod se souradnicemi 0, 0.

struct point;

Nyni uvazme uzavienou lomenou ¢aru. Nahradte kazdou usecku A
takovou, kterd zacind prostrednim bodem usecky A a konci prostredb-
nim bodem usecky B, kde B v obrazci nasleduje bezprostredne po A.
Vstup je zadan jako sekvence bodt (kde kazdy bod nalezi dvéma usec-
kam). Posledni tisecka jde z posledniho bodu do prvniho, ¢im se obrazec
uzavte.

void midpoints( std::vector< point > 8pts );

2.p.5 [dag] T Budeme opét pracovat s orientovanym grafem - tento-
krat budeme hledat cykly. Existuje na vybér nekolik algoritm, ty zalo-
Zené na prohleddvani do hloubky jsou nejjednodussi. Graf je zadany
jako hodnota typu std: :multimap - vice se o této reprezentaci dozvite
v ukdzce d5_bfs.

Cista funkce is_dag necht vrati false pravé kdyz g obsahuje cyklus.
Pozor, graf nemusi byt souvisly.

using graph = std::multimap< int, int >;
bool is_dag( const graph 8g );

2.p.6 [bipartite] Rozhodnéte, zda je zadany neorientovany graf bipar-
titni (tzn. jeho vrcholy 1ze rozdélit do dvou mnozin A, B tak, Ze kazda
hrana mé jeden vrchol v A a jeden v B). ProtozZe graf je neorientovany,
seznamy sousedtl na vstupu jsou symetrické.

using edges = std::vector< int >;
using graph = std::map< int, edges >;

bool is_bipartite( const graph &g );
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Cast 2.r: Regené ulohy

2.r.1 [mode] Findthe mode (most common value)in a non-empty vector
and return it. If there are more than one, return the smallest.

int mode( const std::vector< int > & ):

2.r.2 [sssp] Compute single-source shortest path distances for all ver-
tices in an unweighted directed graph. The graph is given using adja-
cency (successor) lists. The result is a map from a vertex to its shortest
distance from initial. Vertices which are not reachable from initial
should not appear in the result.

using edges = std::vector< int >;
using graph = std::map< int, edges >;

std: :map< int, int > shortest( const graph &g, int initial );

2.r.3 [solve] Consider a single-player game that takes place on a 1D
playing field like this:

2141 .. .. 2
The player starts at the leftmost cell and in each round can decide

whether to jump left or right. The playing field is given by the input
vector jumps. The size of the field is jumps.size() + 1 (the rightmost cell

is always O). The objective is to visit each cell exactly once.
bool solve( std::vector< int > jumps );

2.r.4 [buckets] Sort stones into buckets, where each bucket covers a
range of weights; the range of stone weights to put in each bucket is
given in an argument - a vector with one element per bucket, each
element a pair of min/max values (inclusive). Assume the bucket ran-
ges do not overlap. Stones are given as a vector of weights. Throw
away stones which do not fall into any bucket. Return the weights of
individual buckets.

using bucket = std::pair< int, int >;

std: :vector< int > sort( const std::vector< int > &stones,
const std::vector< bucket > &buckets );

’

2.r.5 [colour] Write a function to decide whether a given graph can be

3-colored. A correct colouring is an assignment of colours to vertices
such that no edge connects vertices with the same colour. The graph
is given as a set of edges. Edges are represented as pairs; assume that
if (u,v) is a part of the graph, so is (v, ).

using graph = std::set< std::pair< int, int > >;
bool has_3colouring( const graph &g ):

2r.6 [flood] V tomto cviceniimplementujeme tzv. seminkové vyplrio-
vani, obvykle popsané algoritmem, ktery:

1. dostane na vstupu bitmapu (odélnikovou sit pixelt),
2. pocatecnou pozici v siti,
3. barvu vyplné (cilovou barvu),

a zmeéni celou souvislou jednobarevnou plochu, kterd obsahuje poca-
te¢ni pozici, na cilovou barvu.

Budeme uvazovat monochromaticky pripad - pixely jsou ¢erné nebo
bilé, resp. O nebo 1. Navic nebudeme ménit vstupni bitmapu, ale pouze
spocitame, kolik policek zméni barvu a tuto hodnotu vratime. Priklad
(prazdna policka maji hodnotu O, vybarvena hodnotu 1, startovni po-
zice méd souradnice 1, 3):

0
1
2
3 X X
4
5
o 1 2 3 4 5 o 1 2 3 4 5

Vsimnéte si, Ze ,zdplava“ se §ifi i po diagondldch (napft. z pozice (2, 3) na
(8, 4) adale na (4, 3)). Vstupni bitmapa je zadana jako jednorozmérny
vektor a sitka. Chybi-li néjakeé pixely v poslednim radku, uvazuijte jejich
hodnotu nulovou. Je-li posledni radek kompletni, nic nepridavejte. Je-li
startovni pozice, %0 nebo y2 mimo meze bitmapy (tzn. jeji sitku a vysku),
Zadné pixely barvu nezmeéni. Posledni parametr, fil11, uddva cilovou
barvu. Je-li startovni pozice cilové barvy, podobné se nic nebude ménit.

using grid = std::vector< bool >;

int flood( const grid &pixels, int width,
int x@, int y@, bool fill );

Cast 3: Metody a operatory

Ukazky:

1. freq - analyza frekvence n-grami

2. lemmings - modelujeme figurky z pocitacové hry
3. arithmetic - pretézovdni aritmetickych operdtort
4. relational - pretézovani relacnich operatort

Elementarni priklady:
2. cartesian - komplexni ¢isla
Pripravy:

area - vypocet plochy jednoduchych utvart
rational - raciondlni ¢isla (zlomky)
mountains - ,rekurzivni‘ pohori

polar - komplexn{ ¢isla podruhé

nunset - mirné vylepsena mnozina cisel

ok

continued - retézové zlomky

Regular exercises:
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poly - polynomy se s¢itdnim a ndsobenim
XXX

set - mnozina ¢isel s operatory

XXX

XXX

oAb

XXX

Cast 3.d: Demonstrace (ukdzky)

3.d.1 [freq] Vtéto ukdce budeme pocitat histogram (Giselnych)
n-gramy, tzn. bloktt n po sobé jdoucich ¢isel v néjaké delsi sekvenci.
Jednotlivé n-gramy se mohou prekryvat (n-gram tedy muze zac¢inat
na libovolném offsetu).

Nasim ukolem je navrhnout typ, ktery bude tuto frekvenci pocitat ,za
béhu" - poc¢itdme totiz s tim, Ze vstupnich dat bude hodné a budou
prichdzet po blocich. Zaroven predpokldddme, Ze rtiznych n-gramu
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bude tadoveé méné nez vstupnich dat.
Budeme implementovat dvé metody:

1. count, kterd pro zadany n-gram vrati pocet jeho dosavadnich
vyskytl, a metodu

2. process, kterd zpracuje dalsi blok dat.

struct freq

{

std::size_t ngram_size = 3;

Budeme potrebovat dvé datové slozky: samotné pocitadlo vyskytt
implementujeme pomoci standardniho asociativniho kontejneru
std::map. Klicem bude std::vector potfebné délky (reprezentuje
n-gram), hodnotou pak pocet vyskytli tohoto n-gramu.

std: :map< std::vector< int >, int > _counter;

Druhou slozkou bude posuvné okno, ve kterém budeme uchovavat po-
sledni zpracovany n-gram. Je to proto, Ze nékteré n-gramy budou roz-
déleny mezi dva bloky (nebo i vice, pokud se objevi velmi kratky blok).
Pro jednoduchost budeme toto okno pouzivat pro vsechny n-gramy, a
realizovat ho budeme jako instanci std: : deque®.

std: :deque< int > _window;

Nejprve implementujeme pomocnou metodu, kterd zpracuje jedno
¢islo. Je-li okno jiz plné, odstranime z néj nejstarsi hodnotu. Je-li
po vloZen{ ¢isla okno dostatecné plné, vysledny n-gram zapocitame.
Vzpomerite si, Ze indexovaci operator kontejneru std: :map podle po-
treby vlozi novou dvojici klic-hodnota (s hodnotou inicializovanou ,na
nulu®).

void add( int value )

{
if ( _window.size() == ngram_size )
_window.pop_front():

_window.push_back( value );

if ( _window.size() == ngram_size )

std: :vector< int > ngram;
for ( int v : _window )

ngram.push_back( v );
++ _counter| ngram |;

}

ProtoZe metoda add kompletneé resi jak sprdvu okna, tak poc¢itadlo, zpra-
covani bloku uz je jednoduché.

void process( const std::vector< int > &block )

{

for ( int value : block )
add( value );

}

Metodu count, ktera pouze vraci informace a aktudlni objekt nijak ne-
méni, bychom radi oznacili jako const. Jako drobny problém se jevi, Ze
indexace polozky _counter ale neni konstantni operace: jak jsme zmi-
novali, operdtor indexace muize do kontejneru vlozit novou dvojici, a
tim ho zménit.

Nemuzeme také primo pouzit metodu at, protoze musime byt schopni
spravne odpovidat i v pripade, Ze dotazovany m-gram se na vstupu do-
sud neobjevil, a tedy takovy kli¢ v kontejneru _counter neni pritomen.
Zbyvd tedy metoda find, kterd ndm da jak informaci o tom, jestli je kli¢

16 Tato volba reprezentace neni uplné nejefektivnéjsi, ale pro nase ucely dostatecnd. Asympto-
ticky ji neni co vytknout.
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pritomen (hleddni vyZaduje logaritmicky cas), a pokud ano, tak nam
k nému primo umozni pristup (jiz v konstantnim c¢ase). Pouziti s inicia-
liza¢ni sekci podminéného prikazu if sze povazovat za idiomatické.

int count( const std::vector< int > 8ngram ) const

{
if (auto it = _counter.find( ngram ); it != _counter.end()
)
return 1t->second;
else
return 0;
}
¥
int main() /* demo */
{

freq f{ .ngram_size = 3 };

Vytvorime si na f také konstantni referenci, abychom se ujistili, Ze
metodu count skutecné lze volat na konstantni hodnotu.

const freq &cf = f;
assert( cf.comnt( {1, 1,1} ) ==0);

f.process( {1, 1,2, 1,1} ):

assert( cf.comnt( {1, 1,1} ) ==0);
assert( cf.cont( {1, 1,2} ) ==1);
assert( cf.comt( { 1,2, 1} )==1);
f.process( {1} ):

assert( cf.count( {1, 1,1} )==1);
assert( cf.comnt( { 1,2, 1} )==1);
f.process( {1} );

f.process( { 2, 2 } );

assert( cf.comnt( {1, 1,1} ) ==2);
assert( cf.comnt( {1,2,2})==1);
assert( cf.comnt( {2, 2,1} ) ==0);

3.d.2 [lemmings] While we are talking about computer games, you mi-
ght have heard about a game called Lemmings (but it's not super impor-
tant if you didn't). In each level of the game, lemmings start spawning
at a designated location, and immediately start to wander about, fall off
cliffs, drown and generally get hurt. The player is in charge of saving
them (or rather as many as possible), by giving them tasks like digging
tunnels, or stopping and redirecting other lemmings.

Let’s try to design a type which will capture the state of a single lem-
ming:

struct lemming

{

Each lemming is located somewhere on the map: coordinates would
be a good way to describe this. For simplicity, let’s say the designated
spawning spot is at coordinates (0, 0).

double x =0, _y = 0;

Unless they hit an obstacle, lemmings simply walk in a given direction
- this is another candidate for an attribute; and being rather heedless,
it's probably good idea to keep track of whether they are still alive.

bool _facing._right = true;
bool _alive = true;

Finally, they might be assigned a task, which they will immediately
start performing. The exact meaning of the number is not very impor-
tant.

int _task = ©;
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Let us define a few (mostly self-explanatory) methods:
void start_digging() { _task = 1: }

bool busy() const { return _task != @; }
bool alive() const { return _alive; }

void step()

{
_x += _facing_right 7 1 : -1;
_y += @; // TODO gravity, terrain, ..

¥

Earlier, we have mentioned that user-defined types are essentially
the same as built-in types - their values can be stored in variables,
passed to and from functions and so on. There are more ways in which
this is true: for instance, we can construct collections of such values.
Earlier, we have seen a sequence of integers, the type of which was
std::vector< int > We can create a vector of lemmings just as easily:
asan std::vector< lemming >. Let ustry:

int count_busy( const std::vector< lemming > &lemmings )

{

Note that the vector is marked const (because it is passed into the
function as a constant reference). That extends to the items of the vec-
tor: the individual lemmings are also const. We are not allowed to call
non-const methods, or assign into their attributes here. For instance,
calling lenmings[ @ ].start_digging() would be a compile error.

int count = 0;

Of course we can iterate a vector of lemmings like any other vector,
and call methods on the individual lemmings (inside the vector, since
we are using a reference).

for ( const lemming &1 : lemmings )

if ( 1.pbusy() )
count ++;

return count;

}

int main() /* demo */

{
We first create an (empty) vector, then fill it in with 7 lemmings.

std: :vector< lemming > lemmings;
lemmings.resize( 7 );

We can call methods on the lemmings as usual, by indexing the vector:

lemmings| @ ].start_digging();
assert( count_busy( lemmings ) == 1 ):

We can also modify the lemmings in a range for loop - notice the
absence of const; this time, we use a mutable reference - the lemmings
are modified in place inside the container.

for ( lemming &1 : lemmings )
{
assert( 1.alive() );
1.start_digging();
}

assert( count_busy( lemmings ) == 7 ):

3.d.3 [arithmetic] Operator overloading allows instances of classes to
behave more like built-in types: it makes it possible for values of custom
types to appear in expressions, as operands. Before we look at examples
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of how this looks, we need to define a class with some overloaded
operators. For binary operators, it is customary to define them using a
‘friends trick’, which allows us to define a top-level function inside a
class.

As a very simple example, we will implement a class which represents
integral values modulo 7 (this happens to be a finite field, with addition
and multiplication).

struct gf7
{

int value;

We can name a constant by wrapping it in a method. There are other
ways to achieve the same effect, but we don't currently have the ne-
cessary pieces of syntax.

int modulus() const { return 7; }

A helper method to normalize an integer. We would really prefer to
enforce the normalization (such that all values of type gf7 would have
their value field in the range (0, 7), but we currently do not have the
mechanisms to do that either. This will improve in the next chapter.

gf7 normalize() const { return { value % modulus() }; }

This is the ‘friend trick’ syntax for writing operators, and for binary
operators, it is often the preferred one (because of its symmetry). The
function is not really a part of the compound type in this case - the
trick is that we can write it here anyway. The implementation relies
on the simple fact that [a], + [b]; = [a + b],.

friend gf7 operator+( gf7 a, gf7 b )
{

}

return gf7{ a.value + b.value }.normalize();

For multiplication, we will use the more ‘orthodox' syntax, where the
operator is a const method: the left operand is passed into the opera-
tor as this, the right operand is the argument. In general, operators-
as-methods have one explicit argument less (unary operators take O
arguments, binary take 1 argument). Note that normally, you would
use the same form for all symmetric operators for any given type - we
mix them here to highlight the difference. We again use the fact that

[al7 - [b]; = [a- Bl

gf7 operator=( gf7 b ) const

{
}

return gf7{ value * b.value }.normalize();

Values of type gf7 cannot be directly compared (we did not define
the required operators) - instead, we provide this method to convert
instances of gf7 back into int’s.

int to_int() const { return value % modulus(): }

¥

Operators can be also overloaded using ‘normal’ top-level functions,
like this unary minus (which finds the additive inverse of the given
element).

gf7 operator-( gf7 x ) { return gf7{ 7 - x.to_int() }: }

Now that we have defined the class and the operators, we can look at
how is the result used.

int main() /* demo */

{
gf7a{ 3}, b{ 4}, c{o}, a5}

Values a, b and so forth can be now directly used in arithmetic expres-
sions, just as we wanted.
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gf7 x
gf7y

a+b;
a*b;

Let us check that the operations work as expected:

assert( x.to_int() == c.to_int() ); /= [3]7 + [4]7 = [0]7 #/
assert( y.to_int() == d.to_int() ): /* [3]7 = [4]7 = [5]7 */
assert( (-a + a).to_int() c.to_int() ); /* unary minus */

3.d.4 [relational] In this example, we will show relational operators,
which are very similar to the arithmetic operators from previous exam-
ple, except for their return types, which are bool values.

The example which we will use in this case are sets of small natural
numbers (1-64) with inclusion as the order. We will use three-way
comparison to obtain most of the comparison operators ‘for free’

NB. Standard ordered containers like std::set and std: :map require
the operator less-than to define a strict weak ordering (which is corre-
sponds to a total order). The comparison operators in this example do
not define a total order (some sets are incomparable).

struct set

{

Each bit of the below number indicates the presence of the correspon-
ding integer (the index of that bit) in the set.

uinté4_t bits = ©;

We also define a few methods to add and remove numbers from the
set, to test for presence of a number and an emptiness check.

void add( int i ) { bits [=  1ul << i; }

void del( int i ) { bits &= ~( lul << i ); }

bool has( int i ) const { return bits & ( lul << i ); }
bool empty() const { return !bits; }

We will use the method syntax here, because it is slightly shorter. We
start with (in)equality, which is very simple (the sets are equal when
they have the same members). Note that defining a separate operator
I=is not required in C++20.

bool operator==( set b ) const { return bits == b.bits: }

It will be quite useful to have set difference to implement the compari-
sons below, so let us also define that:

set operator-( set b ) const { return { bits & ~b.bits }; }

Since the non-strict comparison (ordering) operators are easier to im-
plement, we will do that first. Set b is a superset of set a if all elements
of a are also present in b, which is the same as the difference a - b
being empty. We will write a single comparison operator, then use it to
implement three-way comparison, which the compiler will then use
to derive all the remaining comparison operators.

bool operator<=( set b ) const { return ( *this - b ).empty(): }

In addition to getting all other comparisons for free, the three-way
comparison also allows us to declare the properties of the ordering.

friend std::partial_ordering operator<=>( set a, set b )
{
if (a==Db)
return std: :partial_ordering::equivalent;
if (a<=b)
return std::partial_ordering::less;
if (b<=a)
return std: :partial_ordering::greater;

return std::partial_ordering: :unordered;
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¥

int main() /* demo */

{
set a; a.add( 1 ); a.add( 7 ); a.add( 13 );
set b; b.add( 1 ); b.add( 6 ); b.add( 13 );

In each pair of assertions below, the two expressions are not quite
equivalent. Do you understand why?

assert( a !=b ): assert( '(a==b)
assert( a==a ); assert( !(a '=a)

);
)4

’

The two sets are incomparable, i.e. neither is less than the other, but
as shown above they are not equal either.

assert( '(a<b ) ); assert( !(b<a) );
a.add( 6 ); // let's make <a> a superset of <b>
And check that the ordering operators work on ordered sets.

assert( a > b ); assert( a>=b ): assert( a = b );
assert( b < a ); assert( b <= a ): assert( b !=a );

b.add( 7 ); /* let's make the sets equal */
assert( a ); assert( a <=b ); assert( a >=b );

Cast 3.e: Elementdrni priklady

3.e.2 [cartesian] V tomto prikladu implementujeme typ cartesian,
ktery reprezentuje komplexni ¢islo pomoci redlné a imaginarni ¢dsti.
Takto realizovana ¢isla umoznime scitat, odecitat, ziskat ¢islo opacné
(undrnim minus) a urcit jejich rovnost (zamyslete se, ma-li smysl defi-
novat na tomto typu usporadani; pro¢ ano, pro¢ ne?).

struct cartesian;

Implementujte také ¢istou funkci make_cartesian, kterd vytvori hod-
notu typu cartesian se zadané redlné a imagindrni slozky.

cartesian make_cartesian( double, double ):
Cast 3.p: Pripravy

3.p.1 [area] Doplrite definice typt point, polygon a circle tak, abyste
pak mohli s jejich pomoci moZzné implementovat tyto ¢isté funkce:

o make_polygon, kterd ptijme jako parametr celé ¢islo (pocet stran) a
dale:

2 body (stfed a néktery vrchol), nebo

1 bod (stfed) a 1 realné ¢islo (polomér opsané kruznice),
make_circle které ptrijme jako parametry:

2 body (stfed a bod na kruznici), nebo

1bod a 1 redlné ¢islo (stfed a polomér),

area, které prijme polygon nebo circle a vrati plochu odpovidajictho
utvaru.

o

o

o

o

Typ point necht m4d slozky x a y (redlnd ¢isla).

struct point;
struct polygon;
struct circle;

3.p.2 [rational] V tomto piikladu budeme programovat jednoducha
raciondlni ¢isla (takovd, Ze je 1ze reprezentovat dvojici celych ¢isel typu
int). Hodnoty typu rat lze:

vytvorit ¢istou funkei make_rat( p, q ) kde p, qjsou hodnoty typu
int (¢itatel a jmenovatel) a q > 0,
pouzit jako operandy zdkladnich aritmetickych operaci:
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o sCIitani +,
o odecitani (-),
o ndsobeni (x) a
o déleni(/),
» libovolné srovndvat (==, =, <=, <, >, >=).

Vzpomente si, jak se jednotlivé operace nad raciondlnimi ¢isly zavadi.
Jsou-lia = p,/q, ab = p,/g, zlomky v zédkladnim tvaru, muzete se
u libovolné operace a o b spolehnout, ze zadny ze soucint p; - g5, 05 - g1,
Dy - Dy aq, - g, NepfeteCe rozsah int-u.

struct rat;

rat make_rat( int, int );

3.p.3 [mountains] Vasim ukolem je vytvorit typ mountain_range, ktery
bude reprezentovat rekurzivni pohoti. Rekurzivni pohoti md tento
tvar:

1. levy svah (muZe byt prazdny), ktery muiZze na kazdém kroku libo-
volné stoupat,

2. libovolny pocet (i nula) vnitfnich pohoti stejného typu (prvni z nich
zacina ve vysce, na které skoncil levy svah),

3. pravy svah, ktery je zrcadlovym obrazem toho levého.

Naptiklad (hlavni pohoti ma prazdny svah; zdvorky naznacuji zacédtky
a konce jednotlivych vnitinich pohorti):

124423311233234431
(( ) ) (A ) ( ) )

Je-li outer hodnota typu mountain range, necht:

1. outer.get( i ) vrati vysku i-tého pole pohoti outer, a
outer.set_slope( slope ) prozadany vektor ¢isel slope nastavioba
svahy tak, aby ten levy odpovidal vyskam v slope,

3. outer.insert( inner ) vloZ{ nové vnitfni pohoti zadané hodnotou
inner typu mountain_range, a to tésné pred pravy svah.

Dobre si rozmyslete vhodnou reprezentaci. PoZadujeme:

* metoda get musi mit konstantn{ sloZitost,

e metoda set_slope muZe byt vic¢i argumentu linedrni, ale nesmi
zaviset na délce vnitrnich pohori,

e metoda insert muize byt vaci vkladanému pohori (inner) linedrni,
vici tomu vnéjsimu (outer) ale musi byt amortizované konstantni.

Nové vytvorena hodnota typu mountain_range reprezentuje prazdné
pohoii (prazdny svah a Zadna vnitfni pohorti).

struct mountain_range;

3.p.4 [polar] Vasim ukolem jeimplementovat typpolar, ktery realizuje
poldrni reprezentaci komplexniho ¢isla. ProtoZe tato podoba zjednodu-
Suje ndsobeni a déleni, implementujeme v této Uloze pravé tyto operace
(s¢itani jsme definovali v prikladu e2_cartesian).

Krom ndsobeni a déleni necht je mozné pro hodnoty typu polar ur-
¢it jejich rovnost operdtory == a !=. Rovnost implementujte s ohle-
dem na nepresnost aritmetiky s plovouci desetinnou ¢drkou. V tomto
prikladé muizete pro redlna ¢isla (typu double) misto x == y pouZit
std::fabs( x -y ) < le-10.

Pozor! Argument komplexniho ¢isla je periodicky: budto jej normali-
zujte tak, aby lezel v intervalu [0, 27), nebo zajistéte, aby platilo polar(
1, x ) ==polar( 1, x + 2 ).

struct polar;

polar make_polar( double, double );
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3.p.5 [numset] Navrhnéte typ numset, kterého hodnoty budou repre-
zentovat mnoziny ¢isel. Jsou-li ns1, nsz hodnoty typu numset a déle 1, ]
jsou hodnota typu int, pozadujeme nasledujici operace:

e nsp.add( i ) -vlozidons; ¢islo i,

e nsi.del( i )-odstranizns; &islo i,

e nsy.del_range( i, j ) - odstranizns; viechna ¢isla, kterd spadaji
do uzavreného intervalu (s, 5),

e nsy.merge( nsy ) - pridd dons; véechna éisla pritomnd v nsa,

e nsi.has( i ) -rozhodne, zda je i pritomné v ns.

Slozitost:

e del _range amerge musi mit nejvyse linedrni sloZitost,
* ostatni operace nejvyse logaritmickou.

struct numset;

3.p.6 [continued] Predmétem tohoto prikladu jsou tzv. fetézové
zlomky. Typ fraction bude reprezentovat raciondlni ¢islo, které lze:

e zadat posloupnosti koeficientt retézového zlomku (presnéji po-
psdno nize) pomoci metody set_coefficients( cv ) kde cv je vektor
hodnot typu int,

e sCitat (operatorem +),

e nadsobit (operatorem *),

e srovnavat (véemi relacnimi operatory, tzn. ==, |=, <, <= > >=).

Retézovy zlomek reprezentujej racionalni ¢islo q, jako soucet celého
¢isla a, a prevracené hodnoty néjakého dalsiho raciondlniho ¢isla, g,
které je samo zapsano pomoci retézového zlomku. Tedy

9 =09+ 1/g
g =a; +1/g,
G =0a,+1/g;

a tak ddle, aZ neZ je néjakeé g, celé ¢islo, kterym sekvence kon¢i (pro
raciondlni ¢islo se to jisté stane po kone¢ném poctu kroka). Hodnotam
Qg, @y, Ay, ... Iikdme koeficienty retézového zlomku - jeho hodnota je
jimi jednoznacné urcéena.

Rozmyslete si vhodnou reprezentaci vzhledem k zadanému rozhrani.
Je dulezité jak to, které operace jsou pozadované, tak to, které nejsou.

struct fraction;
Cast 3.r: ReSené ulohy

3.r.1 [poly] Cilem cviceni je naprogramovat typ, ktery bude repre-
zentovat polynomy s celociselnymi koeficienty, s operacemi sc¢itani
(jednoduché) a nasobeni (méné jednoduché). Polynom je vyraz tvaru
7z* 4 0z° + 0% 4 3z + z° - tzn. soucet nezdpornych celociseslnych
mocnin proménné z, kde u kazdé mocniny stoji pevny (konstantni)
koeficient.

Soucet polynomut ma u kazdé mocniny soucet koeficientti prislusné

e kazdy monom (s¢itanec) prvniho polynomu musi byt vyndsoben
kazdym monomem druhého polynomu,

e nékteré z téchto soucint vedou na stejnou mocninu z a tedy jejich
koeficienty musi byt secteny.

Pro kazdy polynom existuje néjaké n takové, Ze véechny mocniny vétsi
nezn maji nulovy koeficient. Tento fakt nam umozni polynomy snadno
reprezentovat.

Implicitné sestrojena hodnota typu poly necht ma vsechny koeficienty
nulové. Krom s¢itdni a ndsobeni (formou operatort) implementujte
také rovnost a metodu set, kterd md dva parametry: mocninu z a koe-
ficient, oboji celd ¢isla.
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struct poly;

3.r.2 [gsort] Implementujte typ array, ktery reprezentuje pole ¢isel a
bude mit metody:

o get( i ) - vrati hodnotu naindexu i,

e append( x ) - vloz{ hodnotu x na konec pole,

e vpartition( p, 1, r ) - preuspotrdda ¢ast pole v rozsahu indext
(I,r) tak, aby hodnoty mensi nez p predchazely hodnoté rovné
p a tato predchdzela zbyvajici hodnoty vétsi nebo rovné p (nejsou-li
1 ar uvedeny, preuspordda celé pole; vstupni podminkou je, Ze p je
v uvedeném rozsahu pritomno),

e sort() - setadi pole metodou quicksort (bez dodate¢né paméti mimo
mista na zasobniku potfebného pro rekurzi).

Algoritmus quicksort pracuje takto:

1. ma-li pole Zadné nebo 1 prvek, je jiz sefazené: konec;

2. jinak jeden z prvka vybereme jako pivot,

3. preusporadame pole na dvé mensi partice (viz popis metody par-
tition vyse),

4. rekurzivné aplikuje algoritmus quicksort na levou a pravou partici
(vynecha pritom hodnoty rovné pivotu).

UzZite¢ny invariant: po kazdé partici jsou prvky rovné vybranému pi-
votu na pozicich, které budou mit ve vysledném usporadaném poli.
Viz téz: https://xked.com/1185/

struct array;

3.r.3 [ttt] Naprogramuijte typ tictactoe, ktery bude reprezentovat
stav této jednoduché hry (piskvorky na plose 3x3). Stav hry ma tyto
slozky:

o ktery hrdc je na tahu,
e ktery hrac zabral ktera policka.

V nové vytvorené hre je plocha prazdnd a na tahu je hrac s kiizky.
Metody:

o play( x, v ) umisti symbol aktivniho hréce na souradnice x, y (plat-
nost souradnic i tahu je vstupni podminkou, roh ma souradnice
0,0),

o read( x, vy ) vrati hodnotu zadaného pole:

o -1jekrizek,
o 0 je prazdné pole, konecnée
o 1je kolecko,

o winner() vrati podobné -1/0/1 podle toho, ktery hra¢ vyhral (O znadi,

Ze hra bud jesté neskoncila, nebo skoncila remizou).

struct tictactoe;

3r.4 [flight] Vasiulohou je naprogramovatjednoduchy simulator hry,
kde hréc ovladad létajici objekt (,lod") v bo¢nim pohledu. Cilem hrace je
nenarazit do hranic ,jeskyné“ ve které se pohybuje, a kterd je zadand
jako seznam dvojic, kde ¢isla na indexu ¢ uddvaji vzdy souradnice y
spodni a horni meze prislusného sloupce - pole - v rozsahu souradnice
z € (4,1 + 1). Napriklad:

1]
b b el

Lod lze ovladat nastavenim stoupdni ¢ (pro kazdy posun o [ jednotek
doprava se lod zdroven posune c¢ - [ jednotek nahoru; je-li ¢ zdporné,
posouvd se dolt). Hra mé tyto 4 metody:

PB161 Programovani v C++

o append( y1, y2 ) pridd na pravy konec hraciho pole novou dvojici
prekazek (zadanou ¢isly s plovouci desetinnou ¢arkou),

e move( 1 )posunelodo 1jednotek doprava (1 je celé éislo; pfi posunu
dojde také k prislusné zméné vysky podle aktudlniho nastaveni) a
vrati true v pripadé, Ze pri tomto posunu nedoslo ke kolizi,

e set_climb( ¢ ) nastavi aktudlni stoupdni na c (¢fslo s plovouci de-
setinnou ¢drkou),

e finished() vrati true nachdzi-li se lod na pravém konci hraciho
pole.

V ptipadé, Ze dojde k pokusu o posun lodé za konec pole, lod ztstane

na poslednim definovaném poli. Dojde-li ke kolizi, dalsi voldni move jiZ

nemaji zadny efekt a vraci false.

Implicitné sestrojeny stav hry ma hraci pole délky 1 s prekdzkami

(—10,+10) a pocdtec¢ni vyska i stoupani lodé jsou O.

struct flight;

3r.5 [gfield] Uvazme téleso Q a ¢islo 7 takové, ze 52 = 2 (tedy zejména
j ¢ Q). Téleso Q muzeme rozsitit na tzv. (algebraické) ¢iselné téleso
(v tomto pripadé konkrétne kvadratické téleso) Q(4), kterého prvky
jsou tvaru a + b7, kde a,b € Q.

Vasim ukolem je naprogramovat typ, ktery prvky tohoto télesa repre-
zentuje, a umoznuje je scitat, ndsobit a rozhodovat jejich rovnost. Roz-
myslete si vhodnou reprezentaci; uvazte zejména jak bude vypadat
vysledek ndsobeni (a + 07) - (z + y7).

struct gf;

ProtozZe k dispozici mame pouze celd ¢isla, k zapisu jednoho prvku Q(5)
budeme pottebovat 4 (vystacili bychom si se tfemi? pokud ano, jaké to
ma vyhody a nevyhody?).

gf make_gf( int a_nom, int a_den, int b_nom, int b_den ):

3.6 [life] Hra Zivota je dvourozmérny bunécény automat: buriky
tvori ¢tvercovou sit a maji dva mozné stavy: Zivd nebo mrtva. V kazdé
generaci (kroku simulace) spocitame novou hodnotu pro kazdou buriku,
a to podle téchto pravidel (vysledek zdvisi na soucasném stavu bunky
a na tom, kolik z jejich 8 sousedu je zivych):

stav  Zivisousedi vysledek

Ziva 0-1 mrtva

Ziva 2-3 ziva

Ziva 4-8 mrtva

mrtva 0-2 mrtva

mrtva 3 Ziva

mrtva 4-8 mrtva

Priklad kratké periodické hry:
o
olo]lo|— o - |lo]|o|o

o

Napiste funkci, kterd dostane na vstupu mnozinu zivych bunék a vrati
mnozinu bunék, které jsou Zivé po n generacich. Zivé buriky jsou za-
dané svymi souradnicemi, tzn. jako dvojice z, .

using cell = std::pair< int, int >;
using grid = std::set< cell >;

grid life( const grid &, int );
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Cast 4: Zivotni cyklus hodnot

Ukazky:

1 xxx

2. numbers - a list of numbers which remember their type
3. refs - overloading with references

4. pool - ownership and indirect references

Elementary exercises:

1. diameter - basic function overloading (circle diameter)
2. circle - same story, but with constructors
3. 1index - access elements of different types using indices

Preparatory exercises:

distance - vzddlenost v roviné

least - nejmensi prvek bez kopif

loan - bankovni ptijcka

zipper - jednoducha datova struktura

rpn - postfixova aritmetika s pretéZovanim
eval - infixova aritmetika s vlastnictvim zdroja

ok b e

Regular exercises:

1. complex - pretézovani konstruktorti

2. XXX

3. search - vyhleddvaci strom s uzly v poli
4. bitptr - odkaz na jednotlivy bit

5. xxx

6. XXX

Cast 4.d: Demonstrace (ukéazky)

4.d.2 [numbers] Inthisdemonstration, we will look at overloading: both
of regular methods and of constructors. The first class which we will
implement is number, which can represent either a real (floating-point)
number or an integer. Besides the attributes integer and real which
store the respective numbers, the class remembers which type of num-
ber it stores, using a boolean attribute called is_real.

struct number

{
bool is_real;
int integer =
double real =

0;
o;
We provide two constructors for number: one for each type of number
that we wish to store. The overload is selected based on the type of
argument that is provided.

number( int i ) : is_real( false ), integer( i ) {}
number ( double r ) : is_real( true ), real( r ) {}
h

The second class will be a container of numbers which directly allows
the user to insert both floating-point and integer numbers, without
converting them to a common type. To make insertion convenient,
we provide overloads of the add method. Access to the numbers is
index-based and is provided by the at method, which is overloaded for
entirely different reasons.

class numbers

{

The sole attribute of the numbers class is the backing store, which is an
std: :vector of number instances.

std: :vector< number > _data;
public:
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The two add overloads both construct an appropriate instance of number
and push it to the backing vector. Nothing surprising there.

void add( double d ) { _data.emplace_back( d ); }
void add( int 1 ) { _data.emplace_back( i ); }

The overloads for at are much more subtle: notice that the argument
types are all identical - there are only 2 differences, first is the return
type, which however does not participate in overload resolution. If two
functions only differ in return type, this is an error, since there is no
way to select which overload should be used.

The other difference is the const qualifier, which indeed does partici-
pate in overload resolution. This is because methods have a hidden
argument, this, and the trailing const concerns this argument. The
const method is selected when the call is performed on a const object
(most often because the call is done on a constant reference).

const number &t( int i ) const { return _data.at( i ): }
number &t( int i ) { return _data.at( i ); }

h
int main() /* demo */
{
numbers n;
n.add( 7 ):
n.add( 3.14 );

assert( 'n.at( 0 ).is_real ):
assert( n.at( 1 ).is_real ):

assert( n.at( @ ).integer );

Notice that it is possible to assign through the at method, if the object
itself is mutable. In this case, overload resolution selects the second
overload, which returns a mutable reference to the nunber instance
stored in the container.

n.at( @ ) = number( 3 );
assert( n.at( @ ).integer == 3 );

However, it is still possible to use at on a constant object - in this
case, the resolution picks the first overload, which returns a constant
reference to the relevant number instance. Hence, we cannot change
the number this way (as we expect, since the entire object is constant,
and hence also each of its components).

const numbers &n_const = n;
assert( n_const.at( @ ).integer == 3 );

// n_const.at( 1 ) = number( 1 ); this will not compile

4.d.3 [refs] In this demonstration, we will look at overloading functi-
ons based on different kinds of references. This will allow us to adapt
our functions to the kind of value (and its lifetime) that is passed to
them, and to deal with arguments efficiently (without making unne-
cessary copies). But first, let’s define a few type aliases:

using int_pair =
using int_vector =
using int_matrix =

std::pair< int, int >;
std: :vector< int >;
std: :vector< int_vector >;

Our goal will be simple enough: write a function which gives access to
the first element of any of the above types. In the case of int_matrix,
the element is an entire row, which has some important implications
that we will discuss shortly.

Our main requirements will be that:

1. first should work correctly when we call it on a constant,
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2. when called on a mutable value, first( x ) = y should work and
alter the value x (i.e. update the first element of x).

These requirements are seemingly contradictory: if we return a value
(or a constant reference), we can satisfy point 1, but we fail point 2.
If we return a mutable reference, point 2 will work, but point 1 will
fail. Hence we need the result type to be different depending on the
argument. This can be achieved by overloading on the argument type.
However, we still have one problem: how do we tell apart, using a type,
whether the passed value was constant or not? Think about this: if
you write a function which accepts a mutable reference, it cannot be
called on an argument which is constant: the compiler will complain
about the value losing its const qualifier (if you never encountered this
behaviour, try it out; it’s important that you understand this).

But that means that first( int_pair &arg ) can only be called on mu-
table arguments, which is exactly what we need. Fortunately for us, if
the compiler decides that this particular first cannot be used (because
of missing const), it will keep looking for some other first that might
work. You hopefully remember that first( const int_pair 8arg ) can
be called on any value of type int_pair (without creating a copy). If we
provide both, the compiler will use the non-const version if it can, but
fall back to the const one otherwise. And since overloaded functions
can differ in their return type, we have our solution:

int &first( int_pair & ) { return p.first; }
int first( const int_pair & ) { return p.first; }

The case of int_vector is completely analogous:

int &first( int_vector & ) { return v[ @ |: }
int first( const int_vector & ) { return v[ @ ]; }

Since in the above cases, the return value was of type int, we did not bo-
ther with returning const references. But when we look at int_matrix,
the situation has changed: the value which we return is an std: :vec-
tor, which could be very expensive to copy. So we will want to avoid
that. The first case (mutable argument), stays the same - we already
returned a reference in this case.

int_vector &first( int_matrix & ) { return v[ @ J; }

At first glance, the second case would seem straightforward enough
- just return a const int_vector & and be done with it. But there is
a catch: what if the argument is a temporary value, which will be
destroyed at the end of the current statement? It’s not a very good
idea to return a reference to a doomed object, since an unwitting caller
could get into serious trouble if they store the returned reference -
that reference will be invalid on the next line, even though there is no
obvious reason for that at the callsite.

You perhaps also remember, that the above function, with a mutable
reference, cannot be used with a temporary as its argument: like with a
constant, the compiler will complain that it cannot bind a temporary to
an argument of type int_matrix &. Sois there some kind of a reference
that can bind a temporary, but not a constant? Yes, that would be an
rvalue reference, written int_matrix &&. If the above candidate fails,
the next one the compiler will look at is one with an rvalue reference as
its argument. In this case, we know the value is doomed, so we better
return a value, not a reference into the doomed matrix. Moreover,
since the input matrix is doomed anyway, we can steal the value we
are after using std: :move and hence still manage to avoid a copy.

int_vector first( int_matrix & ) { return std::move( v[ @ ] ); }

If both of the above fail, the value must be a constant - in this case,
we can safely return a reference into the constant. The argument is
not immediately doomed, so it is up to the caller to ensure that if they
store the reference, it does not outlive its parent object.

const int_vector &first( const int_matrix 8v )

{
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return v[ @ J;

}

That concludes our quest for a polymorphic accessor. Let’s have a look
at how it works when we try to use it:

int main() /* demo */
{
int_vector v{ 3, 5, 7, 1, 4 }:
assert( first( v ) == 3 ):
first( v ) = 5;
assert( first( v )

5);

const int_vector &const_v = v;
assert( first( const.v ) == 5 ):

int_matrix m{ int_vector{ 1, 2, 3 }, v };
const int_matrix &const_m = m;

assert( first( first(m ) )
first( first( m ) )= 2;

);

assert( first( first( const_m ) ) ==2 ):
assert( first( first( int_matrix{ v, v } ) )

);

What follows is the case where the rvalue-reference overload of first
(the one which handles temporaries) saves us: try to comment the
overload out and see what happens on the next 2 lines for yourself.

const int_vector &x = first( int_matrix{ v, v } ):
assert( first( x ) == 5 ):

4.d.4 [pool] This demo will be our first serious foray into dealing with
object lifetime. In particular, we will want to implement binary trees -
clearly, the lifetime of tree nodes must exactly match the lifetime of
the tree itself:

if the nodes were released too early, the program would perform
invalid memory access when traversing the tree,

if the nodes are not released with the tree, that would be a memory
leak - we keep the nodes around, but cannot access them.

This is an ubiquitous problem, and if you think about it, we have en-
countered it a lot, but did not have to think about it yet: the items in an
std: :vector or std::map or other containers have the same property:
their lifetime must match the lifetime of the instance which owns
them.

This is one of the most important differences between C and C++: if
we do C++ right, most of the time, we do not need to manage object
lifetimes manually. This is achieved through two main mechanisms:

1. pervasive use of automatic variables, through value semantics -
local variables and arguments are automatically destroyed when
they go out of scope,

cascading - whenever an object is destroyed, its attributes are also
destroyed automatically, and a mechanism is provided for classes
which own additional, non-attribute objects (e.g. elements in an
std: :vector) to automatically destroy them too (this is achieved by

user-defined destructors).

In general, destroying objects at an appropriate time is the job of the
owner of the object - whether the owner is a function (this is the case
with by-value arguments and local variables) or another object (attri-
butes, elements of a container and so on). Additionally, this happens
transparently for the user: the compiler takes care of inserting the
right calls at the right places to ensure everything is destroyed at the
right time.

The end result is modular or composable resource management - well-
behaved objects can be composed into well-behaved composites wi-
thout any additional glue or boilerplate.

To make things easy for now, we will take advantage of existing con-
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tainers to do resource management for us, which will save us from
writing destructors (the proverbial glue, which is boring to write and
easy to get wrong). In the next chapter, we will see how we can use
smart pointers for the same purpose.

We will be keeping the nodes of our binary tree in an std: :vector -
this means that each node has an index which we can use to refer to
that node. In other words, in this demo (and in some of this week’s
exercises) indices will play the role of pointers. Since 0 is a valid index,
we will use -1 to indicate an invalid (null’) reference. Besides ‘pointers’
to the left and right child, the node will contain a single integer value.

struct node

{
int left = -1, right = -1;
int value;

¥

As mentioned earlier, the nodes will be held in a vector: let’s give a
name to the particular vector type, for convenience:

using node_pool = std::vector< node >;

Working with node is, however, rather inconvenient: we cannot ‘de-
reference’ the left/right ‘pointers’ without going through node pool.
This makes for verbose code which is unpleasant to both read and to
write. But we can do better: let’s add a simple wrapper type, which will
remember both a reference to the node_pool and an index of the node
we are interested in: values of this type can then behave like a proper
reference to node: only a value of the node_ref type is needed to access
the node and to walk the tree.

struct node_ref

{
node_pool &_pool;

int _idx;
To make the subsequent code easier to write (and read), we will define

a few helper methods: first, a get method which returns an actual
reference to the node instance that this node_ref represents.

node 8get() { return _pool[ _idx |: }

And a method to construct a new node_ref using the same pool as this
one, but with a new index.

node_ref make( int idx ) { return { _pool, idx }: }

Normally, we do not want to expose the _pool or node to users directly,
hence we keep them private. But it's convenient for tree itself to be
able to access them. So we make tree a friend.

node_ref( node_pool &p, int i ) : _pool( p ), _idx( i ) {}

For simplicity, we allow invalid references to be constructed: those will
have an index -1, and will naturally arise when we encounter a node
with a missing child - that missing node is represented as index -1. The
valid method allows the user to check whether the reference is valid.
The remaining methods (1eft, right and value) must not be called on
an invalid node_ref. This is the moral equivalent of a null pointer.

bool valid() const { return _idx >= @; }

What follows is a simple interface for traversing and inspecting the
tree. Notice that left and right again return node_ref instances. This
makes tree traversal simple and convenient.

node_ref left() { return make( get().left ): }
node_ref right() { return make( get().right ); }

int &value() { return get().value; }

¥
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Finally the class to represent the tree as a whole. It will own the no-
des (by keeping a node_pool of them as an attribute, will remember a
root node (which may be invalid, if the tree is empty) and provide an
interface for adding nodes to the tree. Notice that removal of nodes is
conspicuously missing: that’s because the pool model is not well suited
for removals (smart pointers will be better in that regard).

struct tree

{
node_pool _pool;
int _root_idx = -1;

A helper method to append a new node to the pool and return its index.

int make( int value )

{
_pool.emplace_back();
_pool.back().value = value:
return _pool.size() - 1;

}

node_ref root() { return { _pool, _root_idx }; }
bool empty() const { return _root_idx == -1; }

We will use a vector to specify a location in the tree for adding a node,
with values -1 (left) and 1 (right). An empty vector represents at the
root node.

using path_t = std::vector< int >;

Find the location for adding a node recursively and create the node
when the location is found. Assumes that the path is correct.

void add( node_ref parent, path_t path, int value,
unsigned path_idx = 0 )

{
assert( path_idx < path.size() );
int dir = path[ path_idx |:

if ( path_idx < path.size() - 1)

auto next = dir < @ ? parent.left() : parent.right();
return add( next, path, value, path_idx + 1 );

}

if (dir <0 )

parent.get().left = make( value ):
else

parent.get().right = make( value ):

}

Main entry point for adding nodes.

void add( path_t path, int value )

{
if ( root().valid() )
add( root(), path, value );
else
{
assert( path.empty() );
_root_idx = make( value )
}
}
h
int main() /* demo */
{
tree t;
t.add( {}, 1);

assert( t.root().value() == 1 ):
assert( t.root().valid() ):
assert( !t.root().left().valid() ):
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toadd( { -1}, 7 );

assert( t.root().value() == 1 );
assert( t.root().left().valid() );
assert( t.root().left() .value() == 7 );

tadd( {-1,1},3);
assert( t.root().left().right().value() == 3 ):

Cast 4.e: Elementarni priklady

4.e.2 [circle] Standard 2D point.
struct point;

Implement a structure circle with 2 constructors, one of which accepts
a point and a number (center and radius) and another which accepts 2
points (center and a point on the circle itself). Store the circle using its
center and radius, in attributes center and radius respectively.

struct circle;

Cast 4.p: Pripravy

4.p4 [distance] V této uloze se budeme pohybovat v dvourozmérné
plose a pocitat pri tom uraZenou vzdalenost. Typ walk necht ma tyto
metody:

o 1line( p ) - pfesuneme se do bodu p po usecce,

e arc( p, radius ) - presuneme se do bodu p po kruznicovém ob-
louku s polomérem radius,” pritom radius je alespon polovina vzda-
lenosti do bodu p po primce,

e backtrack() - vratime se po vlastnich stopach do predchoziho bodu
(vzdalenost se pritom bude zvétsovat),

e distance() - vrati celkovou dosud urazenou vzddlenost.

Metody necht je moZné libovolné retézit, tzn. je-li w typu walk, nasle-
dovny vyraz musi byt dobre utvoreny:

w.line( {1, 11})
dine( {2, 11})
.backtrack()
arc( {4,113}, 7):

Hodnoty typu walk Ize sestrojit zaddnim pocdte¢niho bodu, nebo impli-
citné - zacinaji pak z bodu (0, 0).

struct walk;

4.p.2 [least] Uvazme typ element hodnot, které (z néjakého davodu)
nelze kopirovat. Nasim cilem bude naprogramovat funkci, ktera vrati
nejmens{ prvek ze zadaného vektoru hodnot typu element. Definici
tohoto typu nijak nemérnte.

struct element
{

element( int v ) : value( v ) {}

element( element &&v ) : value( v.value ) {}

element &operator=( element 8&v ) = default;

bool less_than( const element 8o ) const { return value <
o.value; }

bool equal( const element & ) const { return value == o0.value;
}
private:

int value;

v Potrebny stfedovy uhel naleznete napriklad vyresenim rovnoramenného trojuhelniku s dél-
kou ramene radius a zdkladnou urcenou vzdalenosti spojovanych bodt.
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}
using data = std::vector< element >;

Naprogramujte funkci (nebo rodinu funkci) least tak, Ze volani le-
ast( d ) vrati nejmensi prvek zadaného vektoru d typu data. Dobre si
rozmyslete platnost (délku Zivota) dot¢enych objektu.

Ndpovéda: ProtoZze nemuiZete pfimo manipulovat hodnotami typu ele-
ment, zkuste vyuZit k zapamatovan{ si dosud nejlepstho kandidata ite-
rator.

4.p.3 [loan] V tomto prikladu se budeme zabyvat (velmi zjednoduse-
nymi) bankovnimi pajckami. Navrhneme 2 t¥idy: account, ktera bude
mit obvyklé metody deposit, withdraw, balance, a které konstruktoru lze
predat pocdtecni ztstatek (v opacném pripadé bude implicitné nula).
Druha trida bude loan - jeji konstruktor prijme referenci na instanci
tridy account a velikost pajcky (int). Sestrojenim hodnoty typu loan
se na pridruzeny ucet pripise vyptijcena c¢astka. Trida loan necht ma
metodu repay, kterd zatidi (pfipadné ¢astecné - urceno volitelnym
parametrem typu int) navraceni ptjcky. Probéhne-li vée v porddku,
metoda vrati true, jinak false.

Zustatek uctu muze byt zdporny, hodnota pajcky nikoliv. Pajcka musi
byt vZdy plné splacena (tzn. zabrarite situaci, kdy se informace o dluhu
,ztrati“ aniZ by byl tento dluh splacen).

struct account;
struct loan;

4.p.4 [zipper] V tomto prikladu implementujeme jednoduchou dato-
vou strukturu, které se rika zipper - reprezentuje sekvenci prvk,
pritom prave jeden z nich je aktivni (angl. focused). Abychom se nemu-
seli zabyvat generickymi datovymi typy, vystacime si celo¢iselnymi
polozkami. Typ zipper necht méd toto rozhran:

e konstruktor vytvori jednoprvkovy zipper z celého ¢isla,

e shift_left (shift_right)aktivuje prvek vlevo (vpravo) od toho do-
sud aktivniho, a to v ¢ase O(1); metody vraci true bylo-li posun
mozné provést (jinak nic nezméni a vrati false),

e insert_left (insert_right) pfida novy prvek tésné vlevo (vpravo)
od praveé aktivniho prvku (opét v ¢ase O(1))

e focus zpristupni aktivni prvek (pro ¢teni i zapis)

o volitelné metody erase_left (erase_right) které odstrani prvek na-
levo (napravo) od aktivniho, v ¢ase O(1), a vrati true bylo-li to mozné

struct zipper;

4.p.5 [rpn] Naprogramuijte jednoduchy zdsobnikovy evaludtor aritme-
tickych vyrazu zapsanych v RPN (postfixové notaci). Operace:

e push vlozi na vrch pracovniho zdsobniku konstantu,

e apply prijme hodnotu jednoho ze tri nize definovanych typt, které
reprezentuji operace a prislusnou operaci provede,

e metoda top poskytne pristup k aktudlnimu vrcholu pracovniho
zdsobniku, véetné moznosti zménit jeho hodnotu,

e pop odstrani jednu hodnotu z vrcholu zasobniku a vrati ji,

e enpty vrati true je-li pracovni zasobnik prazdny.

Podobné jako v ptikladu distance zatidte, aby bylo mozné metody push
a apply libovolneé fetézit. VSechny tfi operace uvazujeme jako bindrni.

struct add {}; / addition =/
struct mul {}; /* multiplication »/
struct dist {}; /* absolute value of difference */

struct eval;

4.p.6 [eval] V tomto cviceni naprogramujeme vyhodnocovani infixo-
vych aritmetickych vyrazi. Zdroven zabezpecime, aby bylo I1ze sdilet
spole¢né podvyrazy (tzn. uloZit je jenom jednou a pti dalsim vyskytu
je pouze odkdzat). Proto budeme uzly uklddat ve spole¢ném ulozZisti.
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const int op_mul = 1;
const int op_add = 2;
const int op_num = 3;

struct node

{

Operace, kterou tento uzel reprezentuje (viz konstanty definované
vyse). Pouze uzly typu mul a add maji potomky:.

int op;

PoloZky left a right jsou indexy, pricemz hodnota -1 znaci neplatny
odkaz. PoloZka is_root je nastavena na true prave tehdy, kdyZ tento
uzel neni potomkem Zadného jiného uzlu.

int left = -1, right = -1;
bool is_root = true;

Hodnota uzlu, je-li tento uzel typu op_num.

int value = 0;

5
using node_pool = std::vector< node >;

Docasna reference na uzel, kterou lze pouzit pri prochazeni stromu,
ale kterd je platna pouze tak dlouho, jako hodnota typu eval, ktera ji
vytvorila. Pridejte (konstantni) metody left a right, kterych vysled-
kem je nova hodnota typu node_ref popisujici prislusny uzel, a déle
metodu compute, kterd vyhodnoti podstrom zacinajici v aktudlnim uzlu.
Konecné pridejte metodu update, kterd upravi hodnotu v aktudlnim
uzlu. Metodu update je dovoleno pouZit pouze na uzly typu op_num.

struct node_ref;

Typ eval reprezentuje vyraz jako celek. UmozZniuje vytvaret nové vy-
razy ze stavajicich (pomoci metod add, mul a num) a prochdzet strom
vyrazl (poc¢inaje z korent, které lze ziskat metodou roots).

struct eval

{
node_pool _pool;
std: :vector< node_ref > roots();
node_ref add( node_ref, node_ref ):
node_ref mul( node_ref, node_ref );
node_ref num( int ):

5

Cast 4.r: Redené tlohy

4.r1 [complex] Structure angle simply wraps a single double-precision
number, so that we can use constructor overloads to allow use of both
polar and cartesian forms to create instances of a single type (complex).

struct angle;
struct complex;

Now implement the following two functions, so that they work both
for real and complex numbers.

// double magnitude( .. )
// .. reciprocal( .. )

The following two functions only make sense for complex numbers,
where arg is the argument, normalized into the range (-, 7):

double real( complex ):
double imag( complex ):
double arg( complex ):
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4.r.2 [account] In this exercise, you will create a simple class: it will
encapsulate some state (account balance) and provide a simple, safe
interface around that state. The class should have the following inter-
face:

e the constructor takes 2 integer arguments: the initial balance and
the maximum overdraft

a withdraw method which returns a boolean: it performs the action
and returns true iff there was sufficient balance to do the withdra-
wal

a deposit method which adds funds to the account

a balance method which returns the current balance (may be nega-

tive) and that can be called on const instances of account

class account;

4.r.3 [search] Implement a binary search tree, i.e. a binary tree which
maintains the search property. That is, a value of each node is:

> than all values in its left subtree,
<than all values in its right subtree.

Store the nodes in a pool (a vector or a list, your choice). The interface
is as follows:

node_ref root() const returnsthe root node,

bool empty() const checks whether the tree is empty,

void insert( int v ) inserts a new value into the tree (without
rebalancing).

The node_ref class then ought to provide:

e node_ref left() constandnode_ref right() const,
bool valid() const,

value() const which returns the value stored in the node.

Calling root on an empty tree is undefined.

struct node; /* ref: 6 lines */

using node_pool = std::vector< node >;

class node_ref; /* ref: 12 lines */
class tree: /% ref: 28 lines */

4.xr4 [bitptr] Implement 2 classes, bitptr and const_bitptr, which pro-
vide access to a single (mutable or constant) bit. Instances of these clas-
ses should behave as pointers in principle, though we don'’t yet have
tools to make them behave this way syntactically (that comes next
week). In the meantime, let’s use the following interface:

bool get() - read the pointed-to bit,

void set( bool ) - write the same,

void advance() - move to the next bit,

void advance( int ) - move by a given number of bits,
bool valid() - is the pointer valid?

A default-constructed bitptr is not valid. Moving an invalid bitptr
results in another invalid bitptr. Otherwise, a bitptr is constructed
fromastd: :byte pointer and an int with value between 0 and 7 (with O
being the least-significant bit). A bitptr constructed this way is always
considered valid, regardless of the value of the std: :byte pointer passed
toit.

class bitptr;
class const_bitptr;

4.r.6 [sort] Implement sort which works both on vectors (std: :vector)
and linked lists (std: :1ist) of integers. The former should use in-place
quicksort, while the latter should use merge sort (it's okay to use the
splice and merge methods on lists, but not sort). Feel free to refer back
to 01/r5 for the quicksort.
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Cast S.1: Funkce a hodnoty

Tato sada obsahuje priklady zamérené na zapis jednoduchych podpro-
gramu (zejména Cistych funkci) a na préci s hodnotami (jak skalarnimi,
tak sloZzenymi).

a_queens - problém osmi dam,

b_city - panorama mésta,

c_magic - doplnéni magického ctverce,
d_reversi - tfirozmérna verze hry Reversi,
e_cellular - celuldrni automat na kruznici,

S i e

f_natural - pfirozena ¢isla se s¢itdnim a ndsobenim.

Ulohu a byste méli zvladnout vytesit hned po prvni pfednasce. P¥iklady
b, ¢ vyzaduji znalosti nejvyse z druhé prednasky, priklad d si vystaci
s tret predndskou a konecné pri reseni priklada e, f mtiZzete potrebovat
i zakladni znalosti z predndsky c¢tvrté.

Pozor! Regeni nékterych ptikladu z této sady muze byt potiebné pro
vytedeni prikladti v saddch pozdéjsich. Doporucujeme prolistovat si i
zadani pozdéjsich sad.

Cast S.1.a: queens

V této uloze budete programovat feseni tzv. problému osmi kraloven
(osmi dam). Vase reseni bude predikat, kterého vstupem bude jediné
64-bitové bezznaménkové ¢islo (pouZzijeme typ uint64_t), které popi-
suje vstupni stav S§achovnice: Sachovnice 8x8 ma prave 64 poli, a pro
reprezentaci kazdého pole nam staci jediny bit, ktery urci, je-li na tomto
policku umisténa kralovna.

Policka sachovnice jsou usporddana pocinaje levym hornim rohem
(nejvyssi, tedy 64. bit) a postupuiji zleva doprava (druhé pole prvniho
tadku je uloZzeno v 43. bity, tj. druhém nejvyssim) po fédcich zleva
bit, ktery reprezentuje pravy dolni roh.

Predikat necht je pravdivy prave tehdy, neni-li zadna kralovna na sa-
chovnici ohroZena jinou. Program musi pracovat spravné i pro pripady,
kdy je na Ssachovnici jiny pocet krdloven nez 8. O¢ekavana sloZitost je
v radu 64 operaci - totiz O(n*) kde n predstavuje pocet policek.
Pozndmka: preferované reseni pouzivd pro manipulaci se Sachovnici
pouze bitové operace a zejména nepouziva standardni kontejnery. Re-
Seni, které bude nevhodné pouzivat kontejnery (spadd sem napr. jaké-
koliv pouziti std: :vector) nemuiZe ziskat zndmku A.

bool queens( std::uint64_t board ):

Cast S.1.b: city

V tomto ukolu budeme pracovat s dvourozmérnou ,mapou meésta’, kte-
rou reprezentujeme jako ¢tvercovou sit. Na kazdém policku mutiZe stdt
budova (tvaru kvadru), kterd ma barvu a celo¢iselnou vysku (budova
vysky 1 ma tvar krychle). Pro praci s mapou si zavedeme:

e typbuilding, ktery reprezentuje budovu,
typ coordinates, ktery urcuje pozici budovy a nakonec

typ city, ktery reprezentuje mapu jako celek.

Jihozdpadni (levy dolni) roh mapy md soutradnice (0, 0), z-ova soufad-
nice roste smérem na vychod, y-ovd smérem na sever.

struct building

{
int height;
int colour;

¥

using coordinates = std::tuple< int, int >;
using city = std::map< coordinates, building >;
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Nejsou-li néjaké souradnice v mapé pritomny, znamena to, Ze na tomto
misté Zddnd budova nestoji.

Vasim ukolem je podle zadané mapy spocitat pravouhly boéni pohled
na mésto (panorama), které vznikne pii pohledu z jihu, a které bude
popsano typy:

e column, ktery reprezentuje jeden sloupec a pro kazdou viditelnou
jednotkovou krychli obsahuje jedno ¢islo, které odpovida barvé této
krychle,

skyline, které obsahuje pro kazdou x-ovou souradnici mapy jednu
hodnotu typu column, kde index prislusného sloupce odpovidd jeho
x-ové soufadnici.

using colum = std::vector< int >;
using skyline = std::vector< column >;

Vstup a odpovidajici vystup si mtizete predstavit napr. takto:

4
3

113 5 2
2 1
3] 1] 0

o 1 2 3

Napiste cistou funkci compute_skyline kterd vypocet provede. Pocet
prvka kazdého sloupce musi byt pravé vyska nejvyssi budovy s danou
z-ovou souradnici.

skyline compute_skyline( const city & );

Cdst S.1.c: magic

Magicky ¢tverec je ¢tvercova sit o rozmérun x n, kde

1. kazdé policko obsahuje jedno z ¢isel 1 az n? (a to tak, ze se zadné
z nich neopakuje), a
ma tzv. magickou vlastnost: soucet kazdého sloupce, fddku a obou

diagonadl je stejny. Tomuto souctu rikdme ,magickd konstanta".

Castedny ¢tverec je takovy, ve kterém mohou (ale nermusi) byt néktera
pole prazdnd. Vyfesenim ¢dstecného ¢tverce pak myslime doplnén{
pripadnych prazdnych mist ve ¢tvercové siti tak, aby mél vysledny
Ctverec obé vyse uvedené vilastnosti. MliZe se samozrejme stat, ze sit
takto doplnit nelze.

using magic = std::vector< std::intl6_t >;

Vasim ukolem je naprogramovat backtrackujici solver, ktery ¢tverec
doplni (je-li to mozné), nebo rozhodne, Ze takové doplnéni mozné neni.
Napiste podprogram magic_solve, o kterém plati:

e ndvratova hodnota (typu bool) indikuje, bylo-li moZné vstupni ¢tve-
rec doplnit,

parametr in specifikuje ¢astecny ctverec, ve kterém jsou prazdna
pole reprezentovana hodnotou O, a ktery je usporadany po fddcich
a na indexu O je levy horni roh,

je-li vysledkem hodnota true, zapiSe zdrover doplnény ¢tverec do
vystupniho parametru out (v opa¢ném pripadé parametr out ne-
zméni),

vstupni podminkou je, Ze velikost vektoru in je druhou mocninou,
ale o stavu predaného vektoru out nic predpokladat nesmite.

Slozitost vypoctu mtize byt az exponencidlni vici poctu prazdnych
poli, ale solver nesmi prohleddvat stavy, o kterych lze v ¢ase O(n?)
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rozhodnout, Ze je doplnit nelze. Prazdnd pole vyplnujte pocinaje levym
hornim rohem po radcich (alternativou je zajistit, Ze vypocet v jiném
poradi nebude vyrazné pomalejsi).

bool magic_solve( const magic &in, magic &out );

Cast S.1.d: reversi

Predmeétem tohoto ukolu je hra Reversi (zndma také jako Othello),

avsak ve tfirozmerné verzi. Hra se tedy odehrava v kvadru, ktery se

skladd ze sudého poctu poli (krychli) v kazdém ze tii zdkladnich sméra

(podle os z, y a 2). Dvé takova pole mtiZzou sousedit sténou (6 smérty),

hranou (12 smérti) nebo jedinym vrcholem (8 sméru). Pole mtze byt

prazdné, nebo muize obsahovat ¢erny nebo bily hraci kamen.

Hru hraji dva hraci (Cerny a bily, podle barvy kamenti, které jim patii)

a pravidla hry jsou primocarym rozsirenim téch klasickych dvouroz-

meérnych:

e kazdy hra¢ ma na zacatku 4 kameny, rozmisténé kolem prostred-
niho bodu kvadru (jedna se tedy o 8 poli, které tento bod sdili), a to
tak, Ze Zddna dvé obsazend pole stejné barvy nesdili sténu, pricemz
pole s nejmensimi souradnicemi ve véech smérech obsahuje bily
kdmen,

e hrdci stridaveé pokladaji novy kdmen do volného pole; je-li na tahu
bily hra¢, poklada bily kdmen do pole, které musi byt neprerusené
spojeno’® cernymi kameny s alespori jednim stavajicim bilym ka-
menem (Cerny hra¢ hraje analogicky),

e po polozeni nového kamene se barva vsech kamenu, které lezi na
libovolné takové spojnici, zméni na opacnou (tzn. prebarvi se na
barvu pravé polozeného kamene).

Zacina bily hrac¢. Hra konci, neni-li mozné poloZit novy kdmen (ani
jedné barvy). Vyhrava hrac s vice kameny na plose.

struct reversi

{

Metoda start zaéne novou hru na plose zadané velikosti. Pripadna
rozehrand partie je timto voldnim zapomenuta. Po voldni start je na
tahu bily hrac.

void start( int x_size, int y_size, int z_size ):
Metoda size vrati aktudlni velikost hraci plochy.
std::tuple< int, int, int > size() const;

Metoda play polozi kdmen na souradnice zadané parametrem. Barva
kamene je urcena tim, ktery hrac je prave na tahu. Byl-li tah ptipustny,
metoda vrati true a dalsi volani polozi kdmen opacné barvy. V opacném
pripadé se hraci plocha nezméni a stdvajici hra¢ musi provést jiny tah.
Neni urceno, co se ma stat v pripade, Ze hra jesté nezacala, nebo jiz
skoncila (tzn. nebyla zavoldna metoda start, nebo by metoda finished
vratila true).

bool play( int x, int y, int z ):

NemutZe-li aktivn{ hrdc¢ provést platny tah, zavold metodu pass. Tato
vrati true, jedna-li se o korektni preskoceni tahu (méa-li hrac k dispozici
jakykoliv jiny platny tah, musi néjaky provést - volani pass v takovém
pripadé vréti false a aktivni hrac¢ se neméni).

Plati stejnd omezeni na stav hry jako u metody play.

bool pass();

Uvazujme dvojici poli (krychli) A, B a Gsecku u, ktera spojuje jejich sttedy, a kterd prochazi
stredem stény, hrany nebo vrcholem pole A. Neprerusenym spojenim myslime vsechna pole,
které usecka u protind, vyjma A a B samotnych. Dvojici poli, pro které potrebna usecka w
neexistuje, nelze neprerusené spojit.
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Metoda-predikat finished vraci true prave tehdy, nemtzZe-li ani jeden
z hract provést platny tah a hra tedy skoncila. Vysledek volani neni
urcen pro hru, kterd dosud nezacala (nedoslo k volani metody start).

bool finished() const;

Metodu result je povoleno zavolat pouze v ptipade, Ze hra skoncila
(tzn. volani finished by vratilo true). Jeji navratovou hodnotou je rozdil
v poctu kament mezi bilym a cernym hracem - kladné cislo znaci
vyhru bilého hrédce, zaporné vyhru ¢erného hrace a nula znaci remizu.

int result() const;

¥

Cast S1.e: cellular

Vasim ukolem bude naprogramovat jednoduchy simuldtor jednoroz-
meéerného celuldrniho automatu. Implementace bude sestdvat ze dvou
struktur, automaton_state a automaton, které jsou popsané nize. Zadané
rozhrani je nutné dodrzet.

Definujte strukturu, automaton_state, kterd reprezentuje stav automatu
definovaného na kruznici, s burikami ¢islovanymi po sméru hodino-
vych rucicek od indexu 0. Stav si mtizete predstavit takto:

1
1 0
T
1 1
1

Platnym indexem je libovolné celé ¢islo - urcuje o kolik policek od
indexu O se posuneme (kladna ¢isla po sméru, zdpornd proti sméru
hodinovych rucicek).

Jsou-li s, t hodnoty typu automaton_state, dale 1, n jsou hodnoty typu
int a v je hodnota typu bool, tyto vyrazy musi byt dobre utvorené:

e automaton_state( s ) vytvori novy stav, ktery je stejny jako stav s,

e automaton_state( n ) vytvori novy stav o n burikdch, které jsou
vSechny nastaveny na false (pron < 0 neni definovano),

e s.size() vratf aktudlni pocet bunék stavu s,

e s.get( i ) vrati hodnotu buriky na indexu i,

e s.set( i, v ) nastaviburiku na indexu i na hodnotu v,

e s.extend( n ) vlozinnovych bunék nastavenych na hodnotu false,
atotak, Ze nové buniky budou na indexech —1 az —n (je-lin zdporné,
chovani neni definovdno),

e s.reduce( n ) odstrani n bunék proti sméru hodinovych rucicek,
poc¢inaje indexem -1 (je-lin > s.size() nebo je n zdporné, chovani
neni definovano),

e © = supravistav t tak, aby byl stejny jako s,

e L == sjetruepravé kdyz jsou stavy s a t stejné,

e t != sjetrueprave kdyzZ se stavy s a t lisi,

e © <= ssevyhodnoti na true prave kdyz pro vsechny indexy i plati
s.get( 1) || 't.get( i),

e © < ssevyhodnotina true pravé kdyz t <= s && t = s.

Je-li to moZné, vyrazy musi pracovat spravné i v ptipadech, kdy jsou s
a/nebo t konstantni. Metody size, get a set musi pracovat v konstant-
nim c¢ase, vSe ostatni v ¢ase nejvyse linedrnim.

struct automaton_state;

Struktura automaton reprezentuje samotny automat. Ttida si udrzuje
interni stav, na kterém provadi vypocty (tzn. napriklad volani metody
step() zmeén{ tento interni stav).

Nasledovné vyrazy musi byt dobre utvorené (kde a, b jsou hodnoty
typu automaton, s je hodnota typu automaton_state, a konecnéna rule
jsou hodnoty typu int):
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o automaton( rule, n ) sestroji automat sn burikami nastavenymi
na false (chovani pron < 0 neni definovano), a s pravidlem rule
zadanym tzv. Wolframovym kédem (chovani je definovdano pouze
prorule v rozsahu O az 255 vcéetné),

e automaton( rule, s ) sestroji novy automat a nastavi jeho vnitfni
stav tak, aby byl stejny jako s (vyznam parametru rule je stejny
jako vyse),

e a.state() umozni pristup k internimu stavu, a to tak, Ze je mozné
jej ménit, neni-li samotné a konstantni (napt. a.state().set( 3,
true ) nastaviburiku interniho stavu s indexem 3 na hodnotu true),

e a = bnastaviautomat a tak, aby byl stejny jako automat b (zejména
tedy upravi nastavené pravidlo a vnitfni stav),

o a.step() provede jeden krok vypoctu na vnitinim stavu (jeden krok
nastavi vsechny bunky vnitfniho stavu na dalsi generaci),

o a.reset( s ) prepide vnitfni stav kopii stavu s.

Hodnoty, které vstupuji do vypoctu nové generace buriky podle zada-
ného Wolframova kodu, ¢teme po sméru hodinovych rucicek (tzn. ve
sméru rostoucich indext).

Krok vypoctu musi mit nejvyse linedrni (Casovou i pamétovou) slozi-
tost.

struct automaton;

Cést S.1.f: natural

Vasim ukolem je tentokrdt naprogramovat strukturu, kterd bude repre-
zentovat libovolné velké prirozené ¢islo (véetné nuly). Tyto hodnoty
musi byt mozné:

e sCitat (operatorem +),

odecitat (x - vy je ovsem definovdno pouze za predpokladu x
nasobit (operatorem =),

libovolné srovnavat (operdtory ==, =, <, atd.),

mocnit na kladny exponent typu int metodou power,
sestrojit z libovolné nezdporné hodnoty typu int.

>

. V),

Implicitné sestrojend hodnota typu natural reprezentuje nulu.
Vsechny operace krom ndsobeni musi byt nejvyse linedarni vaci
poctu dvojkovych cifer vétsiho z reprezentovanych ¢isel. Ndsobeni
muiZe mit v nejhorsim ptipadeé sloZitost pfimo umérnou sou¢inu m - n
(kde m a m jsou pocty cifer operandt).

struct natural;

Cast 5: Ukazatele

Before you dig into the demonstrations and exercises, do not forget
to read the extended introduction below. That said, the units for this
week are, starting with demonstrations:

1. queue - a queue with stable references

2. finexp - like regexps but finite

3. expr - expressions with operators and shared pointers
4. family - genealogy with weak pointers

Elementary exercises:

1. dynarray - a simple array with a dynamic size
2. list - asimple linked list with minimal interface
3. iota

Preparatory exercises:

unrolled - a linked list of arrays

bittrie - bitwise tries (radix trees)

solid - efficient storage of optional data

chartrie - binary tree for holding string keys

bdd - binary decision diagrams

rope - a string-like structure with cheap concatenation

S e o

Regular exercises:

circular - a singly-linked circular list

zipper - implementing zipper as a linked list

segnent — a binary tree of disjoint intervals

diff - automatic differentiation

crithit - more efficient version of binary tries

refent T - implement a simple reference-counted heap

S e o

Cast 5.A: Exclusive Ownership

So far, we have managed to almost entirely avoid thinking about me-
mory management: standard containers manage memory behind the
scenes. We sometimes had to think about copies (or rather avoiding
them), because containers could carry a lot of memory around and
copying all that memory without a good reason is rather wasteful (this
is why we often pass arguments as const references and not as values).
This week, we will look more closely at how memory management
works and what we can do when standard containers are inadequate
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to deal with a given problem. In particular, we will look at building our
own pointer-based data structures and how we can retain automatic
memory management in those cases using std: :unique _ptr.

TODO

Cast 5.B: Shared Ownership

While unique _ptr is very useful and efficient, it only works in cases
where the ownership structure is clear, and a given object has a single
owner. When ownership of a single object is shared by multiple entities
(objects, running functions or otherwise), we cannot use unique_ptr.
To be slightly more explicit: shared ownership only arises when the
lifetime of the objects sharing ownership is not tied to each other. If
A owns B and A and B both need references to C, we can assign the
ownership of C to object A: since it also owns B, it must live at least as
long as B and hence there ownership is not actually shared.
However, if A needs to be able to transfer ownership of B to some
other, unrelated object while still retaining a reference to C, then C
will indeed be in shared ownership: either A or B may expire first, and
hence neither can safely destroy the shared instance of C to which
they both keep references. In many modern languages, this problem
is solved by a garbage collector, but alas, C++ does not have one.

Of course, it is usually better to design data structures in a way that
allows for clear, 1:1 ownership structure. Unfortunately, this is not
always easy, and sometimes it is not the most efficient solution either.
Specifically, when dealing with large immutable (or persistent, in the
functional programming sense) data structures, shared ownership can
save considerable amount of memory, without introducing any ill side-
effects, by only storing common sub-structures once, instead of cloning
them. Of course, there are also cases where shared mutable state is the
most efficient solution to a problem.

Cast 5.d: Demonstrace (ukazky)

5.d.1 [queue] In this example, we will demonstrate the use of
std: :unique_ptr, which is an RAII class for holding (owning) values
dynamically allocated from the heap. We will implement a simple one-
way, non-indexable queue. We will require that it is possible to erase
elements from the middle in O(1), without invalidating any other itera-
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tors. The standard containers which could fit:

e std::deque fails the erase in the middle requirement,

e std::forward_list does not directly support queue-like operation,
hence using it as a queue is possible but awkward; wrapping
std:: forward_list would be, however, a viable approach to this task,
too,

e std::list works well as a queue out of the box, but has twice the
memory overhead of std: : forward_list.

As usual, since we do not yet understand templates, we will only im-
plement a queue of integers, but it is not hard to imagine we could
generalize to any type of element.

Since we are going for a custom, node-based structure, we will need
to first define the class to represent the nodes. For sake of simplicity,
we will not encapsulate the attributes.

struct queue_node

{

We do not want to handle all the memory management ourselves. To
rule out the possibility of accidentally introducing memory leaks, we
will use std: :unique_ptr to manage allocated memory for us. Whene-
ver a unique_ptr is destroyed, it will free up any associated memory.
An important limitation of unique_ptr is that each piece of memory
managed by a unique_ptr must have exactly one instance of unique_ptr
pointing to it. When this instance is destroyed, the memory is deallo-
cated.

std: :unique_ptr< queue_node > next;

Besides the structure itself, we of course also need to store the actual
data. We will store a single integer per node.

int value;

¥

We will also need to be able to iterate over the queue. For that, we
define an iterator, which is really just a slightly generalized pointer
(you may remember nibble ptr from last week). We need 3 things:
pre-increment, dereference and inequality.

struct queue_iterator

{

queue_node *node;

The queue will need to create instances of a queue_iterator. Let's make
that convenient.

queue_iterator( queue_node n ) : node( n ) {}

The pre-increment operator simply shifts the pointer to the next poin-
ter of the currently active node.

queue_iterator &operator++()

{
node = node->next.get();
return *this;

}

Equality is very simple (we need this because the condition of iteration
loopsisit != c.end(), including range for loops). We could implement
I= directly, but == is usually more natural, and given ==, the compiler
will derive != for us automatically.

bool operator==( const queue_iterator & ) const

{
}

return o.node == node;

And finally the dereference operator: this is what will be called when
*1t is evaluated. Also notice the const/non-const overloads (for com-
pleteness, it is often preferable to return a const reference from the
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const overload; this depends on the element type).

int &operator+() { return node->value; }
int operator*() const { return node->value: }

¥

This class represents the queue itself. We will have push and pop to add
and remove items, empty to check for emptiness and begin and end to
implement iteration.

class queue

{

We will keep the head of the list in another unique_ptr. An empty
queue will be represented by a null head. Also worth noting is that
when using a list as a queue, the head is where we remove items. The
end of the queue (where we add new items) is represented by a plain
pointer because it does not own the node (the node is owned by its
predecessor).

std: :unique_ptr< queue_node > first;
queue_node *last = nullptr;
public:

As mentioned above, adding new items is done at the ‘tail’ end of the
list. This is quite straightforward: we simply create the node, chain it
into the list (using the last pointer as a shortcut) and point the last
pointer at the newly appended node. We need to handle empty and
non-empty lists separately because we chose to represent an empty
list using null head, instead of using a dummy node.

void push( int v )

{
if ( last ) /* non-empty list =/
last->next = std::make_unique< queue_node >();
last = last—>next.get();
}
else /* empty list */
{
first = std::make_unique< queue_node >():
last = first.get();
}
last->value = v;
}

Reading off the value from the head is easy enough. However, to re-
move the corresponding node, we need to be able to point first at the
next item in the queue.

Unfortunately, we cannot use normal assignment (because copying
unique_ptr is not allowed). We will have to use an operation that is
called move assignment and which is written using a helper function
in from the standard library, called std: :move.

Operations which move their operands invalidate the moved-from
instance. In this case, first->next is the moved-from object and the
move will turn it into anull pointer. In any case, the next pointer which
was invalidated was stored in the old head node and by rewriting first,
we lost all pointers to that node. This means two things:

1. theold head’s next pointer, now null, is no longer accessible
2. memory allocated to hold the old head node is freed

int pop()
{
int v = first->value;
first = std::move( first->next );

Do not forget to update the last pointer in case we popped the last
item.

if ( !first ) last = nullptr:
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return v;

}
The emptiness check is simple enough.
bool empty() const { return !last; }

Now thebegin and end methods. We start iterating from the head (since
we have no choice but to iterate in the direction of the next pointers).
The end method should return a so-called past-the-end iterator, i.e.
one that comes right after the last real element in the queue. For an
empty queue, both begin and end should be the same. Conveniently,
the next pointer in the last real node is nullptr, so we can use that as
our end-of-queue sentinel quite naturally. You may want to go back to
the pre-increment operator of queue_iterator just in case.

queue_iterator begin() { return { first.get() }: }
queue_iterator end() { return { nullptr }; }

And finally, erasing elements. Since this is a singly-linked list, to erase
an element, we need an iterator to the element before the one we are
about to erase. This is not really a problem, because erasing at the head
is done by pop. We use the same move assignment construct that we
have seen in pop earlier.

void erase_after( queue_iterator i )

{
assert( i.node->next );
i.node->next = std::move( i.node->next->next );
}
|5
int main() /* demo */
{

We start by constructing an (empty) queue and doing some basic ope-
rations on it. For now, we only try to insert and remove a single ele-
ment.

queue g;

assert( q.empty() );
q.push( 7 );

assert( !'q.empty() ):
assert( q.pop() == 7 );
assert( q.empty() );

Now that we have emptied the queue again, we add a few more items
and try erasing one and iterating over the rest.

We check that erase works as expected. We get an iterator that points
to the value 2 from above and use it to erase the value 7.

queue_iterator i = q.begin();
++ 1;

assert( i == 2 ):
g.erase_after( i ):

We can use instances of queue in range for loops, because they have
begin and end, and the types those methods return (i.e. iterators) have
dereference, inequality and pre-increment.

int x = 1;
for (intv : q)
assert( v == x++ ):

That went rather well, let’s just check that the order of removal is the
same as the order of insertion (first in, first out). This is how queues
should behave.
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assert( q.pop() == 1 );
assert( q.pop() == 2 );
assert( q.pop() == 3 );
assert( q.empty() );

5.d.3 [expr] Inthisexample program, we will look at using shared poin-
ters and operator overloading to get a nicer version of our expression
examples, this time with sub-structure sharing: that is, doing some-
thing like a + a will not duplicate the sub-expression a.

Like in week 7, we will define an abstract base class to represent the
nodes of the expression tree.

struct expr_base

{
virtual int eval() const = 0;
virtual ~expr_base() = default;

¥

Since we will use (shared) pointers to expr_base quite often, we can save
ourselves some typing by defining a convenient type alias: expr_ptr
sounds like a reasonable name.

using expr_ptr = std::shared_ptr< expr_base >;

We will have two implementations of expr_base: one for constant va-
lues (nothing much to see here),

struct expr_const : expr_base

{

const int value;

expr_const( int v ) : value( v ) {}

int eval() const override { return value; }
h

and another for operator nodes. Those are more interesting, because
they need to hold references to the sub-expressions, which are repre-
sented as shared pointers.

struct expr_op : expr_base
{
enum op_t { add, mul } op;
expr_ptr left, right;
expr_op( op_t op, expr_ptr 1, expr_ptr r )
cop(op ), left( 1), right( r )
{
int eval() const override
{
if (op == add ) return left->eval() + right->eval();
if (op == mul ) return left->eval() * right->eval();
assert( false );
}
h

In principle, we could directly overload operators on expr_ptr, but we
would like to maintain the illusion that expressions are values. For that
reason, we will implement a thin wrapper that provides a more natural
interface (and also takes care of operator overloading). Again, the expr
class essentially provides Java-like object semantics - which is quite
reasonable for immutable objects like our expression trees here.

struct expr

{
expr_ptr ptr;
expr( int v ) : ptr( std::make_shared< expr_const >( v ) ) {}
expr( expr_ptr e ) : ptr( e ) {}
int eval() const { return ptr->eval(); }

¥

The overloaded operators simply construct a new node (of type expr_op
and wrap it up in an expr instance.
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expr operator+( expr a, expr b )

{
return { std: :make_shared< expr_op >( expr_op::add,
a.ptr, b.ptr ) };
}
expr operator=( expr a, expr b )
{
return { std::make_shared< expr_op >( expr_op::mul,
a.ptr, b.ptr ) };
}
int main() /* demo */
{
expr a( 3 ), b( 7 ), c( 2 );
expr ab = a + b;
expr bc = b * c;
expr abc = a + b * c;
assert( a.eval() == 3 ):
assert( b.eval() == 7 ):
assert( ab.eval() == 10 ):
assert( bc.eval() == 14 ):
assert( abc.eval() == 17 );
}

Cast 5.e: Elementarni priklady

5.1 [dynarray] Implement a dynamic array of integers with 2 ope-
rations: element access (using methods get( i ) and set( i, v ))and
resize( n ). The constructor takes the initial size as its only parameter.

struct dynarray;

5.e.2 [list] Implement a linked list of integers, with head, tail (returns
a reference) and empty. Asking for a head or tail of an empty list has
undefined results. A default-constructed list is empty. The other con-
structor takes an int (the value of head) and a reference to an existing
list. It will should make a copy of the latter.

class list;

5.e.3 [iota] Write a class iota, which can be iterated using a range for
to yield a sequence of numbers in the range start, end - 1 passed to
the constructor.

class iota;

Cast 5.p: Pripravy

5.p.1 [unrolled] Predmeétem tohoto cviceni je datova struktura, tzv.
,Jyozbaleny" zretézeny seznam. Typ, ktery bude strukturu zastresovat,
by mél mit metody begin, end, empty a push_back. Uklddat budeme cela
¢isla.

Rozdil mezi béZnym zfetézenym seznamem a rozbalenym seznamem
spociva v tom, Ze ten rozbaleny udrzuje v kazdém uzlu nékolik hod-
not (pro ucely tohoto prikladu 4). Samoziejmé, posledni uzel nemusi
byt zcela zaplnény. Aby méla takova struktura smysl, poZzadujeme,
aby byly hodnoty uloZeny primo v samotném uzlu, bez potireby dalsi
alokace paméti.

Navratovd hodnota metod begin a end bude ,pseudo-iterdtor: bude
poskytovat prefixovy operator zvétseni o jednic¢ku (pre-increment),
rovnost a operator dereference. Vice informaci o tomto typu objektu
naleznete napriklad v ukdzce d1_queue.

V tomto pfikladu nenf potfeba implementovat mazan{ prvka.

struct unrolled_node;
struct unrolled_iterator;
struct unrolled;
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5p.2 [bittrie] Bindrni trie je binarni stom, ktery kéduje mnozinu
bitovych retézcu, s rychlym vkladanim a vyhleddvanim. Kazdd hrana
kéduje jeden bit.

Kli¢ chapeme jako sekvenci bitt - kazdy bit urcuje, kterym smérem
budeme ve stromé pokracovat (O = doleva, 1 = doprava). Bitovy feté-
zec budeme chdpat jako pritomny v reprezentované mnoziné praveé
tehdy, kdy presné popisuje cestu k listu. Pro jednoduchost budeme klice
reprezentovat jako vektor hodnot typu bool.

using key = std::vector< bool >;
struct trie_node;

Pro jednoduchost nebudeme programovat klasickou metodu insert.
Misto toho umoznime uzivateli primo vystavét trie pomoci metod root
(zpristupni kofen trie) a make (vlozi novy uzel: parametry urci rodice
a smér - 0 nebo 1 - ve kterém bude uzel vloZen). V obou piipadech je
vysledkem odkaz na uzel, ktery lze predat metodé make.

Hlavni ¢ast ukolu tedy spociva v implementaci metody has, kterd pro
dany kli¢ rozhodne, je-li v mnoziné pritomen.

struct trie;

5.p.3 [solid] V tomto cviceni se zaméfime na typy (v tomto cviceni
typ solid) s volitelnymi sloZzkami (typ transform_matrix). Budou nas
zejména zajimat situace, kdy je relativné casty pripad, Ze volitelna
data nejsou potrebna, a zarovern jsou dostatecné velkd aby mélo smysl
je oddélit do samostatného objektu (v samostatné alokované oblasti
paméti). Zaroven budeme pozadovat, aby logicky hodnoty hlavniho
typu (solid) vystupovaly jako jeden celek a nepfitomnost volitelnych
dat byla vnéjsimu svétu podle moznosti skrytd.

Typ solid bude reprezentovat néjakeé trirozmérneé téleso, zatimco typ
transform_matrix bude popisovat tfirozmeérnou linedrni transformaci
takového télesa, a bude tedy reprezentovdn deviti ¢isly s plovouci de-
setinnou ¢arkou (3 fadky x 3 sloupce). Tyto hodnoty necht jsou (pfimo
nebo nepirimo) polozkami typu transform_matrix (bez jakékoliv dalsi
pomocné paméti). Implicitné sestrojend hodnota necht reprezentuje
identitu (hodnoty na hlavni diagonale rovné 1, mimo diagonalu O).

struct transform_matrix;

Typ solid bude reprezentovat spolecné vlastnosti pevnych téles (které
nezavisi na konkrétnim tvaru nebo typu télesa). Mél by mit tyto me-
tody:

e DOS_¥,Pos_y apos_z urci polohu téZisté v prostoru,
transform_entry( int r, int ¢ ) uddva koeficient transformacni
matice na radku r a sloupci c,

transform_set( int r, int ¢, double v ) nastavi prislusny koefici-
ent na hodnotu v,

konstruktor ptijme 3 parametry typu double (vlastni soutradnice z,

yaz).

Vychozi transformacni matici je opét identita. Pamét pro tuto matici
alokujte pouze v pripadé, Ze se oproti implicitnimu stavu zméni néktery
koeficient.

struct solid;

5p.4 [inttrie] V tomto cvic¢eni rozsifime bindrni trie z p2 - misto po-
sloupnosti bitt1 budeme za klice brat posloupnosti celych ¢isel typu int.
Vylepsime také rozhrani - misto ru¢ni spravy uzlti poskytneme primo
operaci vloZeni zadaného klice.

Mnoziny budeme nadale kédovat do bindrniho stromu:

levy potomek uzlu rozsiruje reprezentovany klic¢ o jedno celé ¢islo
(podobné jako tomu bylo u bindrni trie) - toto ¢islo je tedy soucdsti
levé hrany,

pravy ,potomek” uzlu je ve skutecnosti jeho sourozenec, a hrana
neni nijak oznacend (prechodem doprava se kli¢ neméni),
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e fetéz pravych potomku tvofi de-facto zfetézeny seznam, ktery
budeme udrZovat sefazeny podle hodnot na odpovidajicich levych
hranéach.

Priklad: na obrazku je zndzornéna trie s klici [3, 1], [3, 13, 7], [3, 15], [5, 2],
(5, 5], [37]. Levy potomek je pod svym rodic¢em, pravy je od néj napravo.

3 5 37

Muzete si predstavit takto reprezentovanou trie jako 2%2-arni, které
by bylo zcela jisté nepraktické primo implementovat. Proto reprezen-
tujeme virtualni uzly pomyslného 2%?-arnfho stromu jako zretézené
seznamy pravych potomkt ve fyzicky bindrnim strome.

using key = std::vector< int >;
struct trie_node;

Rozhrani typu trie je velmi jednoduché: ma metodu add, ktera prida
kli¢ a metodu has, kterd rozhodne, je-li dany kli¢ pritomen. Obé jako
parametr prijmou hodnotu typu key. Prefixy vlozenych kli¢ti nepova-
Zujeme za pritomné.

struct trie;

5.p.5 [bdd] Bindrni rozhodovaci diagram je isporna reprezentace bo-
oleovskych funkci vice parametrti. Lze o nich uvaZovat jako o orien-
tovaném acyklickém grafu s dodate¢nou sémantikou: kazdy vrchol je
bud:

1. proménna (parametr) a ma dva nasledniky, kteri urci, jak pokra-
¢ovat ve vyhodnoceni funkce, je-li dand proménna pravdiva resp.
nepravdiva;

2. krom proménnych existuji dva dalsi uzly, které jiz Zddné nésled-
niky nemajf, a reprezentuji vysledek vyhodnoceni funkce; oznacu-
jeme jejakoOal.

Implementujte tyto metody:

e konstruktor md jeden parametr typu char - ndzev promeénné, kte-
rou reprezentuje korenovy uzel,

e onevrati ,pravdivy“ uzel (tzn. uzel 1),

e zerovrati ,nepravdivy” uzel (tzn. uzel 0),

o root vrati pocate¢ni (korenovy) uzel,

e add_var pfijme char a vytvoriuzel pro zadanou proménnou; k jedné
promeénné muiZe existovat vice nez jeden uzel

e add_edge prijme rodice, hodnotu typu bool a ndslednika,

e eval prijme map z char dobool a vyhodnoti reprezentovanou funkci
na parametrech popsanych touto mapou (tzn. bude prochazet BDD
od korene a v kazdém uzlu se rozhodne podle zadané mapy, aZz neZ
dojde do koncového uzlu).

Chovani neni definovdno, obsahuje-li BDD uzel, ktery nema nastavené
oba nésledniky.

struct bdd_node;
struct bdd;

5.p.6 [rope] Lano je datova struktura, ktera reprezentuje sekvenci, im-
plementovand jako bindrni strom, ktery md v listech klasicka pole a
ve vnitrnich uzlech udrzuje celoc¢iselné vahy. Sdileni podstromu je
dovolené a ocekdvané.

Vahou uzlu se mysli celkova délka sekvence reprezentovana jeho le-
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vym podstromem. Diky tomu lze lana spojovat v konstantnim ¢ase, a
indexovat v ¢ase linedrnim k hloubce stromu.
Naprogramuijte:

e konstruktor, ktery vytvoii jednouzlové lano z vektoru,
e konstruktor, ktery spoji dvé stavajici lana,

e metodu get( i ), kterd ziskd i-ty prvek,

e aset( i, value ), kterd i-ty prvek nastavi na value.

Pro ucely tohoto pfikladu neni potfeba implementovat Zadnou formu
vyvazovani.

struct rope;
Cast 5.r: Resené ulohy

5.r.1 [circular] In this exercise, we will implement a slightly unusual
data structure: a circular linked list, but instead of the usual access
operators and iteration, it will have a rotate method, which rotates the
entire list. We require that rotation does not invalidate any references
to elements in the list.

If you think of the list as a stack, you can think of the rotate operation
as taking an element off the top and putting it at the bottom of the
stack. It is undefined on an empty list.

To add and remove elements, we will implement push and pop which
work in a stack-like manner. Only the top element is accessible, via
the top method. This method should allow both read and write access.
Finally, we also want to be able to check whether the list is enpty. As
always, we will store integers in the data structure.

class circular;

5.r.2 [zipper] Implement our favourite data structure - a zipper of
integers - this time using a unique_ptr-linked list extending both ways
from the focus. Methods:

e (constructor) constructs a singleton zipper from an integer,

e shift_leftand shift_right move the point of focus, in O(1), to the
nearest left (right) element; they return true if this was possible,
otherwise they return false and do nothing,

e push_left and push_right add a new element just left (just right) of
the current focus, again in O(1),

e focus access the current item (read and write).

5.r.3 [segment] In thisexercise, we will go back to building data structu-
res, in this particular case a simple binary tree. The structure should
represent a partitioning of an interval with integer bounds into a set
of smaller, non-overlapping intervals.

Implement class segment_map with the following interface:

« the constructor takes two integers, which represent the limits of
the interval to be segmented,

e asplitoperation takes a single integer, which becomes the start of
a new segment, splitting the existing segment in two,

e query, given an integer n, returns the bounds of the segment that
containsn, as an std: :pair of integers.

The tree does not need to be self-balancing: the order of splits will
determine the shape of the tree.

5.r.4 [diff] In this exercise, we will implement automatic differenti-
ation of simple expressions. You will need the following rules:

o linearity: (a- f(z)+0b-9(z)) =a- f'(z)+b- 9 (z)

e the Leibniz rule: (f(z) - g9(z)) = f'(z) - 9(z) + f(z) - g'(z)

* chainrule: (f(9(2))) = f'(9(2)) - ¢'(z)

o derivative of exponential: exp’(z) = exp(x)

Define a type, expr (from expression), such that values of this type can
be constructed from integers, added and multiplied, and exponentiated
using function expnat (to avoid conflicts with the exp in the standard

19. brezna 2023



library).

class expr; /* ref: 29 + 7 lines */
expr expnat( expr );

Implement function diff that accepts a single expr and returns the
derivative (again in the form of expr). Define a constant x of type expr
such that diff( x )is1.

expr diff( expr ); /* ref: 11 lines */
// const expr x;

Finally, implement function eval which takes an expr and a double and
it substitutes for x and computes the value of the expression.

double eval( expr, double ): /* ref: 11 lines =/

Cast 6: Dédicnost a pozdni vazba

This week will be about objects in the OOP (object-oriented progra-
mming) sense and about inheritance-based polymorphism. In OOP,
classes are rarely designed in isolation: instead, new classes are deri-
ved from an existing base class (the derived class inherits from the base
class). The derived class retains all the attributes (data) and methods
(behaviours) of the base (parent) class, and usually adds something on
top, or at least modifies some of the behaviours.

So far, we have worked with composition (though we rarely called
it that). We say objects (or classes) are composed when attributes of
classes are other classes (e.g. standard containers). The relationship
between the outer class and its attributes is known as ‘has-a’: a circle
has a center, a polynomial has a sequence of coefficients, etc.
Inheritance gives rise to a different type of relationship, known as ‘is-a’":
a few stereotypical examples:

e acircleis a shape,
e aballisasolid, a cube is a solid too,
e aforceisa vector (and so is velocity).

This is where polymorphism comes into play: a function which doesn’t
care about the particulars of a shape or a solid or a vector can accept
an instance of the base class. However, each instance of a derived class
is an instance of the base class too, and hence can be used in its place.
This is known as the Liskov substitution principle.

An important caveat: this does not work when passing objects by value,
because in general, the base class and the derived class do not have the
same size. Languages like Python or Java side-step this issue by always
passing objects by reference. In C++, we have to do that explicitly if
we want to use inheritance-based polymorphism. Of course, this also
works with pointers (including smart ones, like std: :unique_ptr).
With this bit of theory out of the way, let’s look at some practical
examples: the rest of theory (late binding in particular) will be explained
in demonstrations:

account - a simple inheritance example

shapes - polymorphism and late dispatch

expr — dynamic and static types, more polymorphism
destroy - virtual destructors

factory - polymorphic return values

Uk W=

Elementary exercises:

1. resistance - compute resistance of a simple circuit
2. perimeter - shapes and their perimeter length
3. fight - rock, paper and scissors

Preparatory exercises:

prisoner - the famous dilemma

bexpr - boolean expressions with variables
sexpr - a tree made of lists (lisp style)
network - a network of counters

filter - filter items from a data source
geometry - shapes and visitors

S

Regular exercises:

1. bom - polymorphism and collections
2. circuit - calling virtual methods within the class
3. loops - circuits with loops
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37/56

4. Xxx
5. xxx
6. while - interpreting while programs using an AST

Cast 6.d: Demonstrace (ukéazky)

6.d.1 [account] In this example, we will demonstrate the syntax and
most basic use of inheritance. Polymorphism will not enter the picture
yet (but we will get to that very soon: in the next example). We will
consider bank accounts (a favourite subject, surely).

We will start with a simple, vanilla account that has a balance, can
withdraw and deposit money. We have seen this before.

class account

{

The first new piece of syntax is the protected keyword. This is rela-
ted to inheritance: unlike private, it lets subclasses (or rather subclass
methods) access the members declared in a protected section. We also
notice that the balance is signed, even though in this class, that is not
strictly necessary: we will need that in one of the subclasses (yes, the
system is already breaking down a little).

protected:
int _balance;

public:

We allow an account to be constructed with an initial balance. We also
allow it to be default-constructed, initializing the balance to O.

account( int initial = @ )
- _balance( initial )

{}
Standard stuff.

bool withdraw( int sum )

{
if ( _balance > sum )
{
_balance -= sum;
return true;
}
return false;
}

void deposit( int sum ) { _balance += sum; }
int balance() const { return _balance; }

¥

With the base class in place, we can define a derived class. The syntax
for inheritance adds a colon, :, after the class name and a list of classes
to inherit from, with access type qualifiers. We will always use public
inheritance. Also, did you know that naming things is hard?

class account_with_overdraft : public account
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{

The derived class has, ostensibly, a single attribute. However, all the
attributes of all base classes are also present automatically. That is,
there already is an int _balance attribute in this class, inherited from
account. We will use it below.

protected:
int _overdraft;

public:

This is another new piece of syntax that we will need: a constructor of
a derived class must first call the constructors of all base classes. Since
this happens before any attributes of the derived class are constructed,
this call comes first in the initialization section. The derived-class con-
structor is free to choose which (overloaded) constructor of the base
class to call. If the call is omitted, the default constructor of the base
class will be called.

account_with_overdraft( int initial = @, int overdraft = @ )
- account( initial ), _overdraft( overdraft )

{

The methods defined in a base class are automatically available in the
derived class as well (same as attributes). However, unlike attributes,
we can replace inherited methods with versions more suitable for the
derived class. In this case, we need to adjust the behaviour of withdraw.

bool withdraw( int sum )

{
if ( _balance + _overdraft > sum )
_balance -= sum;
return true;
}
return false;
}

h
Here is another example based on the same language features.

class account_with_interest :
{
protected:

int _rate; /* percent per annum */

public account

public:

account_with_interest( int initial = @, int rate = @ )
- account( initial ), _rate( rate )

{

In this case, all the inherited methods can be used directly. However,
we need to add a new method, to compute and deposit the interest.
Since naming things is hard, we will call it next_year. The formula is
also pretty lame.

void next_year()

{
}

_balance += ( _balance * _rate ) / 100:

¥

The way objects are used in this exercise is not super useful: the goal
was to demonstrate the syntax and basic properties of inheritance. In
modern practice, code re-use through inheritance is frowned upon
(except perhaps for mixins, which are however out of scope for this
subject). The main use-case for inheritance is subtype polymorphism,
which we will explore in the next unit, shapes.cpp.

int main() /* demo */
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{

We first make a normal account and check that it behaves as expected.
Nothing much to see here.

account a( 100 ):

assert( a.balance() == 100 ):
assert( a.withdraw( 50 ) ):
assert( !a.withdraw( 100 ) ):
a.deposit( 10 );

assert( a.balance() == 60 );

Let's try the first derived variant, an account with overdraft. We notice
that it’s possible to have a negative balance now.

account_with_overdraft awo( 100, 100 ):
assert( awo.balance() == 100 ):

assert( awo.withdraw( 50 ) ):

assert( awo.withdraw( 100 ) ):
awo.deposit( 10 );

assert( awo.balance() == -408 ):

And finally, let’s try the other account variant, with interest.

account_with_interest awi( 100, 20 );
assert( awi.balance() == 100 ):
assert( awi.withdraw( 50 ) ):

assert( lawi.withdraw( 108 ) );

awi.deposit( 10 );

assert( awi.balance() == 60 );
awi.next_year():

assert( awi.balance() == 72 );

6.d.2 [shapes] The inheritance model in C++ is an instance of a more
general notion, known as subtyping. The defining characteristic of
subtyping is the Liskov substitution principle: a value which belongs
to a subtype (a derived class) can be used whenever a variable stores,
or a formal argument expects, a value that belongs to a supertype (the
base class). As mentioned earlier, in C++ this only extends to values
passed by reference or through pointers.

We will first define a couple useful type aliases to represent points and
bounding boxes.

using point = std::pair< double, double >;
using bounding_box = std::pair< point, point >;

Subtype polymorphism is, in C++, implemented via late binding: the
decision which method should be called is postponed to runtime (with
normal functions and methods, this happens during compile time).
The decision whether to use early binding (static dispatch) or late bin-
ding (dynamic dispatch) is made by the programmer on a method-by-
method basis. In other words, some methods of a class can use static
dispatch, while others use dynamic dispatch.

class shape

{
public:

To instruct the compiler to use dynamic dispatch for a given method,
put the keyword virtual in front of that method'’s return type. Unlike
normal methods, a virtual method may be left unimplemented: this is
denoted by the = 0 at the end of the declaration. If a class has a method
like this, it is marked as abstract and it becomes impossible to create
instances of this class: the only way to use it is as a base class, through
inheritance. This is commonly done to define interfaces. In our case,
we will declare two such methods.

virtual double area() const = 0;
virtual bounding_box box() const = 0:
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A class which introduces virtual methods also needs to have a destruc-
tor marked as virtual. We will discuss this in more detail in a later unit.
For now, simply consider this to be an arbitrary rule.

virtual ~shape() = default:
b

Assoon as the interface is defined, we can start working with arbitrary
classes which implement this interface, even those that have not been
defined yet. We will start by writing a simple polymorphic function
which accepts arbitrary shapes and computes the ratio of their area to
the area of their bounding box.

double box_coverage( const shape &s )

{

Hopefully, you remember structured bindings (if not, revisit e.g.
03/rel.cpp).

auto [ 11, ur ] = s.box();
auto [ left, bottom | = 11;
auto [ right, top | = ur;

return s.area() / ( ( right - left ) = ( top - bottom ) );

}

Another function: this time, it accepts two instances of shape. The
values it actually receives may be, however, of any type derived from
shape. In fact, a and b may be each an instances of a different derived
class.

bool box_collide( const shape &sh_a, const shape &sh_b )

{

A helper function (lambda) to decide whether a point is inside (or on
the boundary) of a bounding box.

auto in_box = [ J( const bounding_box &box, const point &pt )

{

auto [ x, v | = pt;

auto [ 11, ur ] = box;

auto [ left, bottom | = 11;

auto [ right, top | = ur;

return x >= left & x <= right && y >= bottom && y <= top;
H

auto [ a, b ] = sh_a.box();
auto box = sh_b.box();

The two boxes collide if either of the corners of one is in the other box.

return in_box( box, a ) || in_box( box, b );

}

We now have the interface and two functions that are defined in terms
of that interface. To make some use of the functions, however, we need
to be able to make instances of shape, and as we have seen earlier, that
is only possible by deriving classes which provide implementations of
the virtual methods declared in the base class. Let’s start by defining a
circle.

class circle : public shape

{
point _center;
double _radius;
public:

The base class has a default constructor, so we do not need to explicitly

call it here.
circle( point ¢, double r ) : _center( ¢ ), _radius( r ) {}

Now we need to implement the virtual methods defined in the base
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class. In this case, we can omit the virtual keyword, but we should
specify that this method overrides one from a base class. This informs
the compiler of our intention to provide an implementation to an inhe-
rited method and allows it (the compiler) to emit a warning in case we
accidentally hide the method instead, by mistyping the signature. The
most common mistake is forgetting the trailing const. Please always
specify override where it is applicable.

double area() const override

{
}

Now the other virtual method.

return 4 » std::atan( 1 ) * std::pow( _radius, 2 );

bounding_box box() const override

{

auto [ x, vy ] = _center;

double r = _radius;

return { {x-r,y-r}, {x+r,y+r}};
}

};

And a second shape type, so we can actually make some use of poly-
morphism. Everything is the same as above.

class rectangle : public shape

{
point _11, _ur; /* lower left, upper right =/
public:
rectangle( point 11, point ur ) : _11( 11 ), _ur( ur ) {}
double area() const override
{
auto [ left, bottom | = _11;
auto [ right, top ] = _ur;
return ( right - left ) » ( top - bottom )
}
bounding_box box() const override
{
return { _11, _ur };
}
h

int main() /* demo */

{

We cannot directly construct a shape, since it is abstract, i.e. it has unim-
plemented pure virtual methods. However, both circle and rectangle
provide implementations of those methods which we can use.

rectangle square( { @, 0 }, {1, 1} ):;

assert( square.area() == 1 ):

assert( square.box() == bounding box( { @, @ }, {1, 1} ) );
assert( box_coverage( square ) == 1 );

circle circ( {9, 0}, 1);

Check that the area of a unit circle is 11, and the ratio of its area to its
bounding box is 11 / 4.

double pi = 4 * std::atan( 1 );
assert( std::fabs( circ.area() - pi ) < 1e-108 ):
assert( std::fabs( box_coverage( circ ) - pi /4 ) < le-10 );

The two shapes quite clearly collide, and if they collide, their bounding
boxes must also collide. A shape should always collide with itself, and
collisions are symmetric, so let’s check that too.

assert( box_collide( square, circ ) );
assert( box_collide( circ, square ) );
assert( box_collide( square, square ) );
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assert( box_collide( circ, circ ) ):

Let’'s make a shape a bit further out and check the collision detection
with that.

circlecl( {2,3}, 1), c2({-1,-1} 1)

assert( 'box_collide( circ, ¢l ) ):
assert( 'box_collide( c1, c2 ) );
assert( 'box_collide( cl, square ) );
assert( box_collide( c2, square ) );

6.d.3 [expr] To better understand polymorphism, we will need to set
up some terminology, particularly:

* the notion of a static type, which is, essentially, the type written
down in the source code, and of a
e dynamic type (also known as a runtime type), which is the actual

type of the value that is stored behind a given reference (or pointer).

The relationship between the static and dynamic type may be:

e the static and dynamic type are the same (this was always the case
until this week), or

e the dynamic type may be a subtype of the static type (we will see
that in a short while).

Anything else is a bug.

We will use a very simple representation of arithmetic expressions as
our example here. An expression is a tree, where each node carries
either a value or an operation. We will want to explicitly track the
type of each node, and for that, we will use an enumerated type. Those
work the same as in C, but if we declare them using enun class, the
enumerated names will be scoped: we use them as type: :sun, instead
of just sum as would be the case in C.

enum class type { sum, product, constant };
Now for the class hierarchy. The base class will be node.

class node

{
public:

The first thing we will implement is a static_type method, which tells
us the static type of this class. The base class, however, does not have
any sensible value to return here, so we will just throw an exception.

type static_type() const
{

}

The ‘real’ (dynamic) type must be a virtual method, since the actual
implementation must be selected based on the dynamic type: this is
exactly what late binding does. Since the method is virtual, we do not
need to supply an implementation if we can’t give a sensible one.

throw std::logic_error( "bad static_type() call" );

virtual type dynamic_type() const = 0;

The interesting thing that is associated with each node is its value.

For operation nodes, it can be computed, while for leaf nodes (type
constant), it is simply stored in the node.

virtual int value() const = @:
We also observe the virtual destructor rule.

virtual ~node() = default:

h
We first define the (simpler) leaf nodes, i.e. constants.

class constant : public node
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int _value;
public:

The leaf node constructor simply takes an integer value and stores it
in an attribute.

constant( int v ) : _value( v ) {}
Now the interface common to all node instances:
type static_type() const { return type::constant; }

In methods of class constant, the static type of this is always ei-
ther constant * or const constant *. Hence we can simply call the sta-
tic_type method, since it uses static dispatch (it was not declared vir-
tual in the base class) and hence the call will always resolve to the
method just above.

type dynamic_type() const override { return static_type(): }
Finally, the ‘business’ method:

int value() const override { return _value; }

¥

The inner nodes of the tree are operations. We will create an interme-
diate (but still abstract) class, to serve as a base for the two operation
classes which we will define later.

class operation : public node
{

const node &_left, &_right;
public:

operation( const node &1, const node &r )
c_left( 1), _right(r)
{}

We will leave static_type untouched: the version from the base class
works okay for us, since there is nothing better that we could do here.
The dynamic_type and value stay unimplemented.

We are facing a dilemma here, though. We would like to add accessors
for the children, but it is not clear whether to make them virtual or not.
Considering that we keep the references in attributes of this class, it
seems unlikely that the implementation of the accessors would change
in a subclass and we can use cheaper static dispatch.

const node 8left() const { return _left; }
const node &right() const { return _right; }
h

Now for the two operation classes.

class sum

{

public:

. public operation

The base class does not have a default constructor, which means we
need to call the one that’s available manually.

sum( const node &1, const node &r )
- operation( 1, r )

"

We want to replace the static_type implementation that was inherited
from node (through operation):

type static_type() const { return type::sum; }

¥ As long aswe pretend that the volatile keyword does not exist, which isan entirely reasonable
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thing to do.
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And now the (dynamic-dispatch) interface mandated by the (indirect)
base class node. We can use the same approach that we used in constant
for dynamic_type:

type dynamic_type() const override { return static_type():; }

And finally the logic. The static return type of left and right is const
node &, but the method we call on each, value, uses dynamic dispatch
(it is marked virtual in class node). Therefore, the actual method which
will be called depends on the dynamic type of the respective child node.

int value() const override

{
return left().value() + right().value();

}
¥

Basically a re-run of sum.

class product : public operation

{

public:

We will use a trick which will allow us to not type out the (boring and
redundant) constructor. If all we want to do is just forward arguments
to the parent class, we can use the following syntax. You do not have
to remember it, but it can save some typing if you do.

using operation::operation;
Now the interface methods.

type static_type() const { return type::product; }
type dynamic_type() const override { return static_type(): }

int value() const override

{
return left().value() * right().value();

}
¥

int main() /* demo */

{

Instances of class constant are quite straightforward. Let’s declare
some.

constant const_1( 1 ),
const_2( 2 ),
const_ml( -1 ),
const_10( 10 );

The constructor of sum accepts two instances of node, passed by refe-
rence. Since constant is a subclass of node, it is okay to use those, too.

sum sum_@( const_1, const_ml ),
sum_3( const_1, const_2 );

The product constructor is the same. But now we will also try using
instances of sum, since sun is also derived (even if indirectly) from node
and therefore sum is a subtype of node, too.

product prod_4( const_2, const_2 ),
prod_6( const_2, sum_3 ),
prod_40( prod_4, const_10 ):

Let’s also make a sum instance which has children of different types.
sum sum_9( sum_3, prod_6 );

For all variables which hold values (i.e. not references), static type =
dynamic type. To make the following code easier to follow, the static
type of each of the above variables is explicitly mentioned in its name.
Clearly, we can call the value method on the variables directly and it
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will call the right method.

assert( const_1.value()

assert( const_2.value()

assert( sum_0.value() ==
assert( sum_3.value() == :
assert( prod_4.value() == 4 );
assert( prod_6.value() == 6 )

assert( prod_40.value() == 40 );
assert( sum_9.value() == 9 ):

However, the above results should already convince us that dyna-
mic dispatch works as expected: the results depend on the ability of
sum: :value and product: :value to call correct versions of the value me-
thod on their children, even though the static types of the references
stored in operation are const node. We can however explore the beha-
viour in a bit more detail.

const node &sum_@_ref = sum_@, &rod_6_ref = prod_6;

Now the static type of sum_0_ref is const node &, but the dynamic type
of the value to which it refers is sum, and for prod_6_ref the static type
is const node & and dynamic is product.

assert( sum_@_ref.value() == 0 );
assert( prod_6_ref.value() == 6 ):

Let us also check the behaviour of left and right.

assert( sum_0.left().value() == 1 );
assert( sum_0.right().value() == -1 );

The static type through which we call left and right does not matter,
because neither product nor sum provide a different implementation of
the method.

const operation &op = sum_9;
assert( op.left().value() == 1 );
assert( op.right().value() == -1 );

The final thing to check is the static_type and dynamic_type methods.
By now, we should have a decent understanding of what to expect.
Please note that sun_0 and sum_0_ref refer to the same instance and
hence they have the same dynamic type, even though their static types
differ.

assert( sum_0.dynamic_type() == type::sum );
assert( sum_0_ref . dynamic_type() == type::sum ):

assert( sum_0.static_type() == type::sum );

try { sun_@_ref static_type(); assert( false ); }
catch ( const std::logic_error & ) {}

And the same is true about prod_6 and prod_6_ref.

assert( prod_6.dynamic_type() == type::product );
assert( prod_6_ref.dynamic_type() == type::product );
assert( prod_6.static_type() == type::product ):

try { prod_6_ref.static_type(); assert( false ): }
catch ( const std::logic_error & ) {}

6.d.4 [destroy] In this (entirely synthetic, sorry) example, we will look
at object destruction, especially in the context of polymorphism.
We first set up a few counters to track constructor and destructor calls.

static int bad_base_counter = @, bad_derived_counter = 9,
good_base_counter = @, good_derived_counter = @;

class bad_base

{
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public:
virtual int bad_dummy() { return @: }

bad_base() { bad_base_counter ++; }

We will knowingly break the virtual destructor rule here, to see why
the rule exists.

~bad_base() { bad_base_counter —-: }
|5

class good_base

{
public:
virtual int good_dummy() { return 0; }

good_base() { good_base_counter ++:; }
Notice the virtual.

virtual ~good_base() { good_base_counter --: }

b
Let’s add some innocent derived classes.

class bad_derived : public bad_base

{

public:
bad_derived() { bad_derived_counter ++; }
~bad_derived() { bad_derived_counter --; }

5

class good_derived : public good_base

{

public:

good_derived() { good_derived_counter ++: }

It is good practice to also add override to destructors of derived classes.
This will tell the compiler we expect the base class to have a virtual
destructor which we are extending. The compiler will emit an error if
the base class destructor is (through some unfortunate accident) not
marked as virtual.

~good_derived() override { good_derived_counter --: }

¥

int main() /* demo */

{

For regular variables, everything works as expected: constructors and
destructors of all classes in the hierarchy are called.

{
bad_base bb;
assert( bad_base_counter == 1 );
bad_derived bd;
assert( bad_base_counter == 2 );
assert( bad_derived_counter == 1 ):
}

assert( bad_base_counter == 9 );
assert( bad_derived_counter == 9 ):

Same thing with virtual destructors.

{
good_base gb;
assert( good_base_counter == 1 );
good_derived gd;
assert( good_base_counter == 2 );
assert( good_derived_counter == 1 ):
}
assert( good_base_counter == @ );
assert( good_derived_counter == @ ):
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However, problems start if an instance is destroyed through a pointer
whose static type disagrees with the dynamic type. This cannot hap-
pen with references (unless the destructor is called explicitly), but it
is entirely plausible with pointers, including smart pointers. Let’s first
demonstrate the case that works: good_derived.

using good_ptr = std::unique_ptr< good_base >;

Please make good note of the fact, that the static type of the pointer
refers to good_base, but the actual value stored in it has dynamic type
good_derived.

{
good_ptr gp = std::make_unique< good_derived >();
assert( good_base_counter == 1 );
assert( good_derived_counter == 1 );

}

Since the unique_ptr went out of scope, the instance stored behind it
was destroyed. The counters should be both zero again.

assert( good_base_counter == 0 );
assert( good_derived_counter

);

Let’s observe what happens with the bad_base and bad_derived combi-
nation.

using bad_ptr = std::unique_ptr< bad_base >;

{
bad_ptr bp = std::make_unique< bad_derived >():
assert( bad_base_counter == 1 ):
assert( bad_derived_counter == 1 );

}

The pointer went out of scope. Since the destructor was called using
static dispatch, only the base class destructor was called. This is of
course very problematic, since resources were leaked and invariants
broken.

);
);

assert( bad_base_counter
assert( bad_derived_counter

Please note that some compilers (recent clang versions) will emit a
warning if this happens. Unfortunately, this is not the case with gcc
9.2 which we are using (and which is a rather recent compiler). It is
therefore unadvisable to rely on the compiler to catch this type of
problem. Stay vigilant.

// cxxflags: -Wno-delete-non-abstract-non-virtual-dtor
// clang-tidy: -clang-diagnostic-delete-non-abstract-non-virtual-dtor

6.d.5 [factory] TODO: do not use strings here

As we have seen, subtype polymorphism allows us to define an inter-
face in terms of virtual methods (that is, based on late dispatch) and
then create various implementations of this interface.

It is sometimes useful to create instances of multiple different deri-
ved classes based on runtime inputs, but once they are created, to
treat them uniformly. The uniform treatment is made possible by sub-
type polymorphism: if the entire interaction with these objects is done
through the shared interface, the instances are all, at the type level,
interchangeable with each other. The behaviour of those instances
will of course differ, depending on their dynamic type.

When a system is designed this way, the entire program uses a sin-
gle static type to work with all instances from the given inheritance
hierarchy - the type of the base class. Let’s define such a base class.

class part

{
public:
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virtual std::string description() const = 0;
virtual ~part() = default:
h

Let’s add a simple function which operates on generic parts. Working
with instances is easy, since they can be passed through a reference
to the base type. For instance the following function which formats a
single line for a bill of materials (bom).

std: :string bom_line( const part &p, int count )

{
}

return std::to_string( count ) + "x " + p.description();

However, creation of these instances poses a somewhat unique
challenge in C++: memory management. In languages like Java or C#,
we can create the instance and return a reference to the caller, and the
garbage collector will ensure that the instance is correctly destroyed
when it is no longer used. We do not have this luxury in C++.

Of course, we could always do memory management by hand, like it’s
1990. Fortunately, modern C++ provides smart pointers in the standard
library, making memory management much easier and safer. Recall
that a unique_ptr is an owning pointer: it holds onto an object instance
while it is in scope and destroys it afterwards. Unlike objects stored
in local variables, though, the ownership of the instance held in a
unique_ptr can be transferred out of the function (i.e. an instance of
unique_ptr can be legally returned, unlike a reference to a local varia-
ble).

This will make it possible to define a factory: a function which con-
structs instances (parts) and returns them to the caller. Of course, to
actually define the function, we will need to define the derived classes
which it is supposed to create.

using part_ptr = std::unique_ptr< part >;
part_ptr factory( std::string );

In the program design outlined earlier, the derived classes change some
of the behaviours, or perhaps add data members (attributes) to the base
class, but apart from construction, they are entirely operated through
the interface defined by the base class.

class cog : public part

{
int teeth;
public:
cog( int teeth ) : teeth( teeth ) {}
std: :string description() const override
{
return std::string( "cog with " ) +
std: :to_string( teeth ) + " teeth";
}
5
class axle : public part
{
public:
std: :string description() const override
{
return "axle";
}
5
class screw : public part
{
int _thread, _length;
public:

screw( int t, int 1 ) : _thread( t ), _length( 1) {}

std: :string description() const override

{
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return std::to_string( _length ) + "mm M" +
std: :to_string( _thread ) + " screw";

¥

Now that we have defined the derived classes, we can finally define
the factory function.

part_ptr factory( std::string desc )

{

We will use std: :istringstrean (first described in 06/streans.cpp) to
extract a description of the instance that we want to create from a
string. The format will be simple: the type of the part, followed by its
parameters separated by spaces.

std: :istringstream s( desc ):
std: :string type;
s >> type: /* extract the first word */

if ( type == "cog" )

int teeth;
s >> teeth;
return std: :make_unique< cog >( teeth );

}

if ( type == "axle" )
return std: :make_unique< axle >();

if ( type == "screw" )

int thread, length;
s >> thread >> length;
return std: :make_unique< screw >( thread, length ):

}

throw std::runtime_error( "unexpected part description" ):

}

int main() /* demo */

{

Let’s first use the factory to make some instances. They will be held by
part_ptr (i.e. unique_ptr with the static type part.

part_ptr ax = factory( "axle" ),
n7 = factory( "screw 7 50" ),
m3 = factory( "screw 3 10" ),
c8 = factory( "cog 8" ),
c9 = factory( "cog 9" );

From the point of view of the static type system, all the parts created
above are now the same. We can call the methods which were defined
in the interface, or we can pass them into functions which work with
parts.

== "axle" );

= "Sgmm M7 screw" );

= "10mm M3 screw" ):

= "cog with 8 teeth" );
== "cog with 9 teeth" );

assert( ax->description()
assert( m7->description() =
assert( m3->description() =
assert( c8->description() =
assert( c9->description()

Let’s try using the bom_line function which we have defined earlier.

assert( bom_line( *ax, 3 ) == "3x axle" );
assert( bom_line( *m7, 20 ) == "20x 50mm M7 screw" ):

At the end of the scope, the objects are destroyed and all memory is
automatically freed.

}
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Cast é.e: Elementdrni priklady

6.1 [resistance] We are given a simple electrical circuit made of re-
sistors and wires, and we want to compute the total resistance between
two points. The circuit is simple in the sense that in any given section,
all its immediate sub-sections are either connected in series or in pa-
rallel. Here is an example:

R,

Rs |—| R4

The resistance that we are interested in is between the points A and B.
Given R, and R, connected in series, the total resistance is R = R; + R,.
For the same resistors connected in parallel, the resistance is given by
1/R=1/R, +1/R,.

You will implement 2 classes: series and parallel, each of which re-
presents a single segment of the circuit. Both classes shall provide a
method add, that will accept either a number (double) which will add
a single resistor to that segment, or a const reference to the opposite
class (i.e. an instance of series should accept a reference to parallel
and vice versa).

class series;
class parallel;

Then add a top-level function resistance, which accepts either a series
or aparallel instance and computes the total resistance of the circuit
described by that instance. The exact prototype is up to you.

6.e.2 [perimeter] Implement a simple inheritance hierarchy - the base
class will be shape, with a pure virtual method perimeter, the 2 derived
classes will be circle and rectangle. The circle is constructed from
a radius, while the rectangle from a width and height, all of them
floating-point numbers.

class shape;
class circle;
class rectangle;

bool check_shape( const shape 8s, double p )

{
}

6..3 [fight] There should be 4 classes: the base class gesture and 3
derived: rock, paper and scissors. Class gesture has a (pure virtual) me-

return std::fabs( s.perimeter() - p ) < le-8:

thod fight which takes another gesture (via a const reference) and
returns true if the current gesture wins.

To do this, add another method, visit, which has 3 overloads, one each
for rock, paper and scissors. Then override fight in each derived class,
to simply call visit( *this ) on the opposing gesture. The visit me-
thod knows the type of both this and the opponent (via the overload)
- simply indicate the winner by returning an appropriate constant.

class rock;
class paper;
class scissors;

Keep the forward declarations, you will need them to define the over-
loads for visit.

class gesture;

Now define the 3 derived classes.
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Cast 6.p: Ptipravy

6.p.1 [prisoner] Another exercise, another class hierarchy. The abs-
tract base class will be called prisoner, and the implementations will
be different strategies in the well-known game of (iterated) prisoner’s
dilemma.

The prisoner class should provide method betray which takes a boolean
(the decision of the other player in the last round) and returns the
decision of the player for this round. In general, the betray method
should not be const, because strategies may want to remember past
decisions (though we will not implement a strategy like that in this
exercise).

class prisoner;

Implement an always-betray strategy in class traitor, the tit-for-tat
strategy in vengeful and an always-cooperate in benign.

class traitor;
class vengeful ;
class benign;

Implement a simple strategy evaluator in function play. It takes two
prisoners and the number of rounds and returns a negative number if
the first one wins, O if the game is a tie and a positive number if the
second wins (the absolute value of the return value is the difference
in scores achieved). The scoring matrix:

e neither player betrays 2 / 2

e abetrays, bdoesnot:3/0

e adoes not betray, bdoes: 0/ 3
e bothbetray1/1

int play( prisoner 8a, prisoner &b, int rounds ):

6.p.2 [bexpr] Boolean expressions with variables, represented as bi-
nary trees. Internal nodes carry a logical operation on the values obta-
ined from children while leaf nodes carry variable references.

To evaluate an expression, we will need to supply values for each of
the variables that appears in the expression. We will identify variables
using integers, and the assignment of values will be done through
the type input defined below. It is undefined behaviour if a variable
appears in an expression but is not present in the provided input value.

using input = std::map< int, bool >;

Like earlier in expr.cpp, the base class will be called node, but this time
will only define a single method: eval, which accepts a single input
argument (as a const reference).

class node; /* ref: 6 lines */

Internal nodes are all of the same type, and their constructor takes an
unsigned integer, table, and two node references. Assuming bit zero is
the lowest-order bit, the node operates as follows:

e false false — bit O of table

e false true — bit 1 of table

e true false — bit 2 of table

e true true — bit 3 of table

class operation; /* ref: 16 lines */

The leaf nodes carry a single integer (passed in through the construc-
tor) - the identifier of the variable they represent.

class variable; / ref: 7 lines */

6.p.3 [sexpr] An s-expression is a tree in which each node has an
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arbitrary number of children. To make things a little more interesting,
our s-expression nodes will own their children.

The base class will be called node (again) and it will have single (virtual)
method: value, with no arguments and an int return value.

class node;
using node_ptr = std::unique_ptr< node >;

There will be two types of internal nodes: sun and product, and in this
case, they will compute the sum or the product of all their children,
regardless of their number. A sum with no children should evaluate
to O and a product with no children should evaluate to 1.

Both will have an additional method: add_child, which accepts (by va-
lue) a single node_ptr and both should have default constructors. It is
okay to add an intermediate class to the hierarchy.

class sum;
class product;

Leaf nodes carry an integer constant, given to them via a constructor.

class constant;

6.p.4 [network] In this exercise, we will define a network of counters,
where each node has its own counter which starts at zero, and events
which affect the counters propagate in the network. Different node
types react differently to the events.

There are three basic events which can propagate through the network:
reset will set the counter to O, increment and decrement add and subtract
1, respectively.

enum class event { reset, increment, decrement };

The abstract base class, node, will define the polymorphic interface.
Methods:

» react with a single argument of type event,

o connect which will take a reference to another node instance: the
connection thus created starts in this and extends to the node given
in the argument,

e read, a const method that returns the current value of the counter.

Think carefully about which methods need to be virtual and which
don’t. The counter is signed and starts at O. Each node can have an
arbitrary number of both outgoing and incoming connections.

class node;

Now for the node types. Each node type first applies the event to its
own counter, then propagates (or not) some event along all outgoing
connections. Implement the following node types:

» forward sends the same event it has received
e invert sends the opposite event
» gate resends the event if the new counter value is positive

class forward;
class invert;
class gate;

6.p.5 [filter] This exercise will be yet another take on a set of num-
bers. This time, we will add a capability to filter the numbers on output.
It will be possible to change the filter applied to a given set at runtime.
The base class for representing filters will contain a single pure virtual
method, accept. The method should be marked const.

class filter;

The set (which we will implement below) will own the filter instance
and hence will use a unique_ptr to hold it.

using filter_ptr = std::unique_ptr< filter >;
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The set should have standard methods: add and has, the latter of which
will respect the configured filter (i.e. items rejected by the filter will
always test negative on has). The method set_filter should set the filter.
If no filter is set, all numbers should be accepted. Calling set_filter
with a nullptr argument should clear the filter.

Additionally, set should have begin and end methods (both const) which
return very simple iterators that only provide dereference to an int
(value), pre-increment and inequality. It is a good idea to keep two
instances of std::set< int >::iterator in attributes (in addition to a
pointer to the output filter): you will need to know, in the pre-increment
operator, that you ran out of items when skipping numbers which the
filter rejected.

class set_iterator;
class set;

Finally, implement a filter that only accepts odd numbers.

class odd;

6.p.6 [geometry] We will go back to a bit of geometry, this time with
circles and lines: in this exercise, we will be interested in planar inter-
sections. We will consider two objects to intersect when they have at
least one common point. On the C++ side, we will use a bit of a trick
with virtual method overloading (in a slightly more general setting,
the trick is known as the visitor pattern).

First some definitions: the familiar point.

using point = std::pair< double, double >;

Check whether two floating-point numbers are ‘essentially the same’
(i.e. fuzzy equality).

bool close( double a, double b )

{
}

return std::fabs( a - b ) < 1e-10;

We will need to use forward declarations in this exercise, since methods
of the base class will refer to the derived types.

struct circle;
struct line;

These two helper functions are already defined in this file and may
come in useful (like the slope class above).

double dist( point, point );
double dist( const line &, point ):

A helper class which is constructed from two points. Two instances of
slope compare equal if the slopes of the two lines passing through the
respective point pairs are the same.

struct slope :

{

std: :pair< double, double >

slope( point p, point q )
- point( ( q.first - p.first ) / dist( p, q ),
( q.second - p.second ) / dist( p, q ) )
{}

bool operator==( const slope 8 ) const

{
auto [ px, py ] = *this;
auto [ ¢, qv ] = o;

return ( close( px, gqx ) 8& close( py, qv ) ) ||
( close( px, -gx ) 8& close( py, -qy ) );

}

bool operator!=( const slope 8 ) const

{
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return ! ( *this == o0 );

¥

Now we can define the class object, which will have a virtual method
intersects with 3 overloads: one that accepts a const reference to a
circle, another that accepts a const reference to a 1ine and finally one
that accepts any object.

class object;

Put definitions of the classes circle and line here. A circle is given by
a point and a radius (double), while a line is given by two points. NB.
Make the line attributes public and name them p and g to make the
dist helper function work.

struct circle; /* ref: 18 lines */
struct line; /* ref: 18 lines */

Definitions of the helper functions.

double dist( point p, point q )

{
auto [ px, py | = p;
auto [ qx, av | = q;
return std::sqrt( std::pow( px - qx, 2 ) +
std:pow( py - qy, 2 ) );
}
double dist( const line &1, point p )
{
auto [ %2, y2 ] = 1.q;
auto [ x1, y1 ] =1.p;
auto [ x0, y8 | = p;
return std::fabs( (y2 -yl ) *x0 - (x2 - x1 ) * yo +
x2xyl-y2xx1)/
dist( 1.p, 1.q);
}

Cast 6.r: Regené ulohy

6.r.1 [bom] TODO: do not use strings here

Let’s revisit the idea of a bill of materials that made a brief appearance
in factory.cpp, but in a slightly more useful incarnation.

Define the following class hierarchy: the base class, part, should have a
(pure) virtual method descriptionthat returnsan std: :string. It should
also keep an attribute of type std: :string and provide a getter for this
attribute called part_no() (part number). Then add 2 derived classes:

e resistor which takes the part number and an integral resistance
as its constructor argument and provides a description of the form
"resistor 70" where 7 is the provided resistance,

e capacitor which also takes a part number and an integral capaci-
tance and provides a description of the form "capacitor 7uF" where
? is again the provided value.

class part;
class resistor;
class capacitor;

We will also use owning pointers, so let us define a convenient type
alias for that:

using part_ptr = std::unique_ptr< part >;

That was the mechanical part. Now we will need to think a bit: we
want a class bom which will remember a list of parts, along with their
quantities and will own the part instances it holds. The interface:

e amethod add, which accepts a part_ptr by value (it will take owner-
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ship of the instance) and the quantity (integer)

« amethod find which accepts an std: :string and returns a const
reference to the part instance with the given part number,

¢ amethod gty which returns the associated quantity, given a part
number.

class bom;

6.r.2 [circuit] In thisexercise, we will look at calling virtual methods
from within the class, in an ‘inverted’ approach to inheritance. Most
of the implementation will be part of the base class, in terms of a few
(or in this case one) protected virtual methods.

We will implement a simple class hierarchy to represent a logical cir-
cuit: a bunch of components connected with wires. Each component
will have at most 2 inputs and a single output (all of which are boolean
values). Implement the following (non-virtual) methods:

e connect which takes an integer (O or 1, the index of the input to
connect) and a reference to another component and connects the
output of the given component to the input of this component

e read with no arguments, which returns the current output of the
component (this will of course depend on the state of the input
components).

Both inputs start out unconnected. Unconnected inputs always read
out false. Behaviour is undefined if there is a loop in the circuit (but
see also loops. cpp).

class component;

The derived classes should be as follows:

« nand for which the output is the NAND logical function of the two
inputs,

e source which ignores both inputs and reads out true,

e delay which behaves as follows: first time read is called, it always
returns zero; subsequent read calls return a value that the input O
had at the time of the previous call to read.

class nand;
class source;
class delay;

6.r.3 [loops] Same basic idea as circuit.cpp: we model a circuit made
of components. Things get a bit more complicated in this version:

e loops are allowed
e parts have 2 inputs and 2 outputs each

The base class, with the following interface:

o readtakes an integer (decides which output) and returns a boolean,

« connect takes two integers and a reference to a component (the first
integer defines the input of this and the second integer defines the
output of the third argument to connect).

There is more than one way to resolve loops, some of which require
read to be virtual (that’s okay). Please note that each loop must have at
least one delay in it (otherwise, behaviour is still undefined). NB. Each
component should first read input O and then input 1: the ordering
will affect the result.

class component; /* ref: 30 lines */

A delay is a component that reads out, on both outputs, the value it
has obtained on the corresponding input on the previous call to read.

class delay: /* ref: 20 lines */

A latch remembers one bit of information (starting at false):

o if both inputs read false, the remembered bit remains unchanged,
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» if input O is false while input 1 is true the remembered bit is set to
true,
o inall other cases, the remembered bit is set to false.

The value on output O is the new value of the remembered bit: there
is no delay. The value on output 1 is the negation of output O.

class latch; /* 15 lines */

Finally, the cnot gate, or a controlled not gate has the following beha-
viour:

e output O always matches input O, while
e output 1is set to:

o input 1if input O is true

o negation of input 1if input O is false

class cnot; /* ref: 11 lines */

6.r.6 [while] TODQO: use single-character variables

Consider an abstract syntax tree of a very simple imperative progra-
mming language with structured control flow. Let there be 3 types of
statements:

1. avariable increment, a ++,

2. awhile loop of the form while (a != b) stmt, and finally
3. ablock, which is a sequence of statements.

class statement;
using stmt_ptr = std::unique_ptr< statement >;

We will represent variables as strings. Provide an eval method which
takes variable assignment as an argument and returns the same as a
result. Variables used in the program but not given in the input start as
0. The variable assignment (i.e. the state of the program) is represented
as an std: :map from strings to integers.

using state = std::map< std::string, int >;

The constructors should be as follows:

e stmt_inc takes the name of the variable to be incremented,

o stmt_while takes 2 variable names and an stmt_ptr for the body,
and

o stmt_block is default-constructed as a noop, but provides an append
method to insert a stmt_ptr at the end.

class stmt_inc;
class stmt_while;
class stmt_block;

Cast 7: Vyiimky a princip RAII

Demonstrace:

1. exceptions - vyhazovani a chytdni vyjimek
2. stdexcept - typy vyjimek ve standardni knihovné
3. semaphore - automatickd sprdava zdroja

Elementarni priklady:

1. xxx
2. counter - jednoduché pocitadlo instanci
3. coffee - model automatu na kdvu

Preparatory exercises:

fd - POSIX file descriptors

loan - database-style transactions with resources
library - borrowing books

parse - a simple parser which throws exceptions
invest — we further stretch the banking story
linear - linear equations, with some exceptions

S i

Regular exercises:

printing - printing with a monthly budget

bsearch - a key-value vector which throws on failure
enzyme - cellular chemistry with RAII

tinyvec T - a vector in a fixed memory buffer

lock — a movable mutual exclusion token

bounded - a bounded queue that throws when full

S i

Cast 7.d: Demonstrace (ukazky)

7.d.1 [exceptions] Exceptions are, as their name suggests, a mecha-
nism for handling unexpected or otherwise exceptional circumstances,
typically error conditions. A canonic example would be trying to open
a file which does not exist, trying to allocate memory when there is no
free memory left and the like. Another common circumstance would
be errors during processing user input: bad format, unexpected swit-
ches and so on.

NB. Do not use exceptions for ‘normal’ control flow, e.g. for termina-
ting loops. That is a really bad idea (even though try blocks are cheap,
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throwing exceptions is very expensive).

This example will be somewhat banal. We start by creating a class
which has a global counter of instances attached to it: i.e. the value of
counter tells us how many instances of counted exist at any given time.
Fair warning, do not do this at home.

int counter = ©;

struct counted

{
counted() { ++ counter: }
~counted() { -- counter: }

counted( const counted & ) = delete:

counted( counted &8 ) = delete:

counted &operator=( const counted & ) = delete;
counted &operator=( counted 88 ) = delete:

};

A few functions which throw exceptions and/or create instances of the
counted class above. Notice that a throw statement immediately stops
the execution and propagates up the call stack until it hits a try block
(shown in the main function below). The same applies to a function call
which hits an exception: the calling function is interrupted immedia-
tely.

int £() { counted x: return 7; }

int g() { counted x: throw std::bad_alloc(); assert( @ ); }
int h() { throw std::runtime_error( "h" ): }

int i() { counted x: g(); assert( @ ); }

int main() /* demo */

{
bool caught = false;

A try block allows us to detect that an exception was thrown and react,
based on the type and attributes of the exception. Otherwise, it is a
regular block with associated scope, and behaves normally.

try
{

counted x;
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assert( counter == 1 );

£0);
assert( counter == 1 );

}

One or more catch blocks can be attached to a try block: those describe
what to do in case an exception of a matching type is thrown in one
of the statements of the try block. The catch clause behaves like a
prototype of a single-argument function - if it could be ‘called’ with
the thrown exception as an argument, it is executed to handle the
exception.

This particular catch block is never executed, because nothing in the
associated try block above throws a matching exception (or rather, any
exception at all):

catch ( const std::bad_alloc & ) { assert( false ): }
The counted instance x above went out of scope:
assert( counter == 9 );

Let’s write another try block. This time, the i call in the try block
throws, indirectly (via g) an exception of type std: :bad_alloc.

try { 10; }

To demonstrate how catch blocks are selected, we will first add one
for std: :runtime_error, which will not trigger (the ‘prototype’ does not
match the exception type that was thrown):

catch ( const std::runtime_error & ) { assert( false ); }

As mentioned above, each try block can have multiple catch blocks, so

let'sadd another one, thistime for the bad_alloc that is actually thrown.

If the catch matches the exception type, it is executed and propagation
of the exception is stopped: it is now handled and execution continues
normally after the end of the catch sequence.

catch ( const std::bad_alloc & ) { caught = true; }

Execution continues here. We check that the catch block was actually
executed:

assert( caught ):
assert( counter == @ ); // no <counted> instances were leaked

7.d.2 [stdexcept] It is possible to sub-class standard exception classes.

For most uses, std: :runtime_error is the most appropriate base class.

class custom_exception : public std::runtime_error

{
public:

custom_exception() : std::runtime_error( "custom" ) {}
5

This demo simply demonstrates some of the standard exception types
(i.e.those that are part of the standard library, and which are thrown by
standard functions or methods; as long as those methods or functions
are not too arcane).

int main() /* demo */

{
try
{
throw custom_exception();
assert( false ):

}

As per standard rules, it’s possible to catch exceptions of derived clas-

ses (of course including user-defined types) via a catch clause which
accepts a reference to a superclass.
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catch ( const std::exception & ) {}

try

{

std: :vector x{ 1, 2 }:
Attempting out-of-bounds access through at gives std: :out_of range

x.at( 7 );
assert( false );

}

catch ( const std::out_of_range & ) {}

try

{

If the string passed to stoi is not a number, we get back an exception
of type std: :invalid_argument.

std: :stoi( "foo" );
assert( false );

}

catch ( const std::invalid_argument & ) {}

try

{

If an integer is too big to fit the result type, stoi throws
std: :out_of_range.

std: :stoi( "123456123456123456" ):
assert( false );

}
catch ( const std::out_of_range & ) {}

try
{

System-interfacing functions may throw std: :system_error. Here, for
instance, trying to detach a thread which was not started.

std: :thread() .detach();
assert( false );

}

catch ( const std::system_error & ) {}

try
{

Throwing a system_error is the appropriate reaction when dealing with
a failure of a POSIX function which sets errno.

int fd = ::open( "/does/not/exist", O_RDONLY );
if (fd<0)
throw std::system_error( errno, std::system_category(),
"opening /does/not/exist" );
assert( false );

}
catch ( const std::system_error & ) {}

try
{

Passing a size that is more than max_size() when constructing or re-
sizing an std::string or an std::vector gives us back an std::len-
gth_error. Note that the -1 turns into a really big number in this con-
text.

std: :string x( -1, 'x' );
assert( false ):

}

catch ( const std::length_error & ) {}

try

{
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std: :bitset< 128 > x;
x[ 100 | = true;

Trying to convert an std::bitset to an integer type may throw
std::overflow_error, if there are bits set that do not fit into the target
integer type.

x.to_ulong();
assert( false ):

}

catch ( const std::overflow_error & ) {}

7.d.3 [semaphore] In this demo, we will implement a simple semaphore.
A semaphore is a device which guards a resource of which there are
multiple instances, but the number of instances is limited. It is a slight
generalization of a mutex (which guards a singleton resource). Inter-
nally, semaphore simply counts the number of clients who hold the
resource and refuses further requests if the maximum is reached. In a
multi-threaded program, semaphores would typically block (wait for
a slot to become available) instead of refusing. In a single-threaded
program (which is what we are going to use for a demonstration), this
would not work. Hence our get method returns a bool, indicating whe-
ther acquisition of the lock succeeded.

class semaphore

{

int _available;
public:

When a semaphore is constructed, we need to know how many instan-
ces of the resource are available.

explicit semaphore( int max ) : _available( max ) {}

Classes which represent resource managers (in this case ‘things that
can be locked’ as opposed to ‘locks held’) have some tough choices
to make. If they are impossible to copy/move/assign, users will find
that they must not appear as attributes in their classes, lest those too
become un-copyable (and un-movable) by default. However, this is
how the standard library deals with the problem, see std: :mutex or
std::condition_variable. While it is the safest option, it is also the most
annoying. Nonetheless, we will do the same.

semaphore( const semaphore & ) = delete;
semaphore 8operator=( const semaphore & ) = delete:

We allow would-be lock holders to query the number of resource in-
stances currently available. Perhaps if none are left, they can make do
without one, or they can perform some other activity in the hopes that
the resource becomes available later.

int available() const

{
}

return _available;

Finally, what follows is the ‘low-level interface to the semaphore. It
is completely unsafe, and it is inadvisable to use it directly, other than
perhaps in special circumstances. This being C++, such interfaces are
commonly made available. Again see std: :mutex for an example.
However, it would also be an option to be strict about it, make the
following 2 methods private, and declare the RAII class defined below,
semaphore_lock, to be a friend of this one.

bool get()
{
if ( _available > @ )
return _available —-;

else
return false;
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}

void put()
{

}

++ _available;

¥

We will want to write a RAII ‘lock holder’ class. However, since get
above might fail, we need a way to indicate the failure in the RAII
class as well. But constructors don’t return values: it is therefore a
reasonable choice to throw an exception. It is reasonable as long as we
don'’t expect the failure to be a common scenario.

class resource_exhausted : public std::runtime_error

{
public:
resource_exhausted()
- std: :runtime_error( "semaphore full" )

{
¥

Now the RAII class itself. It will need to hold a reference to the se-
maphore for which it holds a lock (good thing the semaphore is not
movable, so we don't have to think about its address changing). Of
course, it must not be possible to make a copy of the resource class: we
cannot duplicate the resource, which is a lock being held. However,
it does make sense to move the lock to a new owner, if the client so
wishes. Hence, both a move constructor and move assignment are
appropriate.

class semaphore_lock

{

semaphore *_sem = nullptr;
public:

To construct a semaphore lock, we understandably need a reference to
the semaphore which we wish to lock. You might be wondering why
the attribute is a pointer and the argument is a reference. The main
difference between references and pointers (except the syntactic sugar)
is that references cannot be null. In a correct program, all references
always refer to valid objects. It does not make sense to construct a
semaphore_lock which does not lock anything. Hence the reference.
Why the pointer in the attributes? That will become clear shortly.
Before we move on, notice that, as promised, we throw an exception if
the locking fails. Hence, no noexcept on this constructor.

semaphore_lock( semaphore &s ) : _sem( &s )

{
if ( !_sem—>get() )
throw resource_exhausted();

}

As outlined above, semaphore locks cannot be copied or assigned. Let’s
make that explicit.

semaphore_lock( const semaphore_lock & ) = delete:
semaphore_lock 8operator=( const semaphore_lock & ) = delete:

The new object (the one initialized by the move constructor) is quite
unremarkable. The interesting part is what happens to the ‘old’ (source)
instance: we need to make sure that when it is destroyed, it does not
release the resource (i.e. the lock held) - the ownership of that has been
transferred to the new instance. This is where the pointer comes in
handy: we can assign nul1ptr to the pointer held by the source instance.
Then we just need to be careful when we release the resource (in the
destructor, but also in the move assignment operator) - we must first
check whether the pointer is valid.

Also notice the noexcept qualifier: even though the ‘normal’ constructor
throws, we are not trying to obtain a new resource here, and there is
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nothing in the constructor that might fail. This is good, because move
constructors, as a general rule, should not throw.

semaphore_lock( semaphore_lock 88src ) noexcept
- _sem( src._sem )

{

src._sem = nullptr;

}

We now define a helper method, release, which frees up (releases)
the resource held by this instance. It will do this by calling put on the
semaphore. However, if the semaphore is null, we do nothing: the
instance has been moved from, and no longer owns any resources.
Why the helper method? Two reasons:

1. it will be useful in both the move assignment operator and in the
destructor,

the client might need to release the resource before the instance
goes out of scope or is otherwise destroyed ‘naturally’ (compare

std: : fstream: :close()).

void release() noexcept

{
if ( _sem )
_sem—>put();
}

Armed with release, writing both the move assignment and the de-
structor is easy. The move assignment is also noexcept, which is usually
a pretty good idea.

semaphore_lock &operator=( semaphore_lock &8src ) noexcept

{
Self-move is not very useful in this case, forbid it.
assert( &src != this );

First release the resource held by the current instance. We cannot
hold both the old and the new resource at the same time.

release();

Now we reset our _sem pointer and update the src instance - the re-
source is now in our ownership.

_Sem = SIC._Sem;
src._sem = nullptr;
return *this;

}
~semaphore_lock() noexcept
{
release();
}

¥

int main() /* demo */

{
semaphore sem( 3 );
sem.get():
semaphore_lock 11( sem );
bool 14_made = false;

try

{
semaphore_lock 12( sem ):
assert( sem.available() );
semaphore_lock 13 = std::move( 12 ):
assert( sem.available() );
semaphore_lock 14 = std::move( 11 ):
assert( sem.available() == @ ):
14_made = true;
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semaphore_lock 15( sem );
assert( false );

}

catch ( const resource_exhausted & ) {}

assert( 14_made );
assert( sem.available() == 2 );

// clang-tidy: -clang-analyzer-deadcode.DeadStores

Cast 7.e: Elementérni piiklady

7.2 [counter]
int counter = ©;

Pridejte konstruktory a destruktor typu counted tak, aby poc¢itadlo coun-
ter vzdy obsahovalo pocet existujicich hodnot typu counted. Nezapo-
merite na pravidlo péti (rule of five).

struct counted;

7.e.3 [coffee] Implement a coffee machine which gives out a token
when the order is placed and takes the token back when it is done... at
most one order can be in progress.

Throw this when the machine is already busy making coffee.

class busy {};

And this when trying to use a default-constructed or already-used
token.

class invalid {};

Fill in the two classes. Besides constructors and assignment operators,
add methods make and fetch to machine, to create and redeem tokens
respectively.

class machine;
class token;

7.4 [lock] TBD lock a resource, with ownership transfer but no copy
Cast 7.p: Pripravy

7.p.1 [fd] In POSIX systems, opening a file or a file-like resource gives
us a file descriptor, a small number that can be passed to system calls
such asread or write. The descriptor must be closed when it is no longer
needed, by calling close on it exactly once (it is important not to close
the same descriptor twice). Write a class which safely wraps a file
descriptor so that we can't accidentally lose it or close it twice.

It should be possible to move-construct and move-assign file de-
scriptors. A new valid descriptor can be created in 2 ways: by cal-
ling fd: :open( "file", flags ) or fd::dup( raw_fd ) where flags and
raw_fd are both int. Use POSIX functions open and dup to implement
this. Runman 2 openandman 2 dup on aisa for details about these PO-
SIX functions.

Add methods read and write to the fd class, the first will simply take an
integer, read the given number of bytes and return an std: :string. The
latter will take an std: :string and write it into the descriptor. Again
seeman 2 readandman 2 write on aisa for advice.

If open, read or write fails, throw std: :system_error. Attempting to call
read or write on an invalid descriptor (one that was default-constructed
or already closed) should throw std: :invalid_argument.

7.p.2 [queue] Naprogramujte typ queue, ktery bude reprezentovat ome-
zenou frontu celych ¢isel (velikost fronty je zadana jako parametr kon-
struktoru), s metodami:
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o pop() - vrati nejstarsi vlozeny prvek,
e push( x ) - vlozi novy prvek x na konec fronty,
o enpty() vrati true je-li fronta prazdna.

Metody pop a push necht v pripadé selhdni skon¢f vyjimkou queue_empty
resp. queue_full. VSechny operace musi mit slozitost O(1).

struct queue_empty;
struct queue_full;
struct queue;

7.p.3 [partition] Napiste genericky podprogram partition( seq, p ),
ktery preusporada zadanou sekvenci tak, ze véechny prvky mensi nez
p budou predchazet véem prvktm rovnym p budou pfedchazet vsem
prvktam vétsim nez p. Sekvence seq ma tyto metody:

o size() vrati pocet prvkia ulozenych v sekvenci,

e suap( i, j ) prohodi prvky naindexechia j,

e compare( i, p ) srovnd prvek na pozici i s hodnotou p:
vysledek -1 znamenad, Ze hodnota na indexu i je mensi,
vysledek O, Ze je stejnd, a konec¢né

vysledek +1, Ze je vétsi neZ p.

o
o

o

Metoda compare muize skoncit vyjimkou. V takovém pripadé vratte sek-
venci seq do ptivodniho stavu a vyjimku propagujte dal smérem k vo-
lajicimu. Hodnoty typu seq nelze kopirovat, mate ale povoleno pouZit
pro vypocet dodate¢nou pameét. Metody size ani swap vyjimkou skoncit
nemohou.

7.p.4 [buckets] Napiste genericky podprogram buckets( list, vec ),
ktery dostane na vstupu:

o referenci na seznam tokenti list, ktery ma tyto metody:

front() - vrati referenci na prvni token seznamu,

drop() - odstran{ prvni token v seznamu,

empty() - vrati true je-li senam prazdny,

« referenci na hodnotu vec neurc¢eného typu, ktery ma metodu
size(), a ktery lze indexovat celymi ¢isly. Uvnitf vec jsou uloZeny
kontejnery typu, ktery poskytuje metodu emplace_back, kterd zkon-
struuje novy token (parametry predané metodé emplace_back se
preposlou 1:1 konstruktoru typu token, stejné jako u knihovnich
metod enplace).

o
o

o

Tokeny nelze kopirovat, ani prirazovat kopii, pouze presouvat.
Podprogram bude ze vstupniho seznamu list postupné odebirat to-
keny, které vzdy presune metodou enplace_back na konec kontejneru
vec| 1 % vec.size() ], kde1i je poradové éislo odebraného tokenu v pu-
vodnim seznamu list (po¢inaje nulou).

Zabezpecte, aby byl vysledek konzistentni, a to i v pripadé, kdy
selze alokace paméti (metoda emplace_back muiZe selhat s vyjimkou
std::bad_alloc). Zejména se nesmi zadny token ztratit (tzn. do vec musi
byt pridany praveé ty prvky, ktere byly odebrany z 1ist).

MuZete se spolehnout, Ze dojde-li k vyjimce std: :bad_alloc, konstruk-
tor hodnoty token dosud nebyl zavolan.

struct token
{
token( int v ) : value( v ) {}
token( const token & ) = delete;
token( token &Ro ) noexcept
- value( o.value )

{
}

0.value = 0;

token 8operator=( const token & ) = delete;
token &operator=( token 8&o )
{

value = o.value;

if ( & != this )
o.value = 0;
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return *this;

}
private:
int value;

7.p.5 [invest] We will revisit our familiar example of a bank account.
This time, we add exceptions to the story: withdrawals that would
exceed the overdraft limit will throw. We will also add a class dual to
loan from the last time: an investment, which will deduct money from
an account upon construction, accrue interest, and upon destruction,
deposit the money into the original account.

We will use this class as the exception type. It is okay to keep it empty.

class insufficient_funds;

First the account class, which has the usual methods: balance, depo-
sit and withdraw. The starting balance is O. The balance must be non-
negative at all times: an attempt to withdraw more money than availa-
ble should throw an exception of type insufficient_funds.

class account; /* reference implementation: 13 lines */

And finally the class investment, which has a three-parameter construc-
tor: it takes a reference to an account, the sum to invest and a yearly
interest rate (in percent, as an integer). Upon construction, it must wi-
thdraw the sum from the account, and upon destruction, deposit the
original sum plus the interest. The method next_year should update
the accrued interest.

class investment: /* reference implementation: 15 lines */

7.p.6 [linear] Write a solver for linear equations in 2 variables. The
interface will be a little unconventional: overload operators +, * and
== and define global constants x and v of suitable types, so that it is
possible to write the equations as shown in main below.

Note that the return type of == does not have to be bool. It can be
any type you like, including of course custom types. For solve, I would
suggest looking up Cramer’s rule.

ref: class eqn 25 lines, solve 8 lines, x and v 2 lines

If the system has no solution, throw an exception of type no_solution.
Derive it from std: :exception.

Cast 7.r: Regené ulohy

7.x1 [printing] Jobs need resources (printing credits, where 1 page
=1 credit) which must be reserved when the job is queued, but are
only consumed at actual printing time; jobs can be moved between
queues (printers) by the system, and jobs that are still in the queue can
be aborted.

The class job represents a document to be printed, along with resources
that have already been earmarked for its printing.

e The constructor should take a numeric identifier, the name of the
user who owns the job, and the number of pages (= credits allocated
for the job),

method owner should return the name of the owner,

method page_count should return the number of pages.

class job;

A single queue instance represents a printer. It should have the
following methods:

e dequeue: consume (print) the oldest job in the queue and return its
id,

enqueue: add a job to the queue,

release( id ): remove the job given by id from the queue and re-
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turn it to the caller,
e page_count: number of pages in the queue.

You can assume that oldest job has the lowest id.

class queue;

7.r.2 [bsearch] Let's revisit the perennial favourite: binary search. We
will implement a container similar to std: :map. Let’s assume that it'll
be used in a search-heavy scenario, so the cost of insertion is much
less important than the cost of lookup. A good candidate, then, would
be a sorted vector (lookup is logarithmic like with a tree, but the data
is stored much more compactly).

Implement at least emplace, an indexing operator, and at, with seman-
tics familiar from std: :map, except emplace should simply return a bool
(we will not write iterators).

Finally, since we still don't know how to write generic classes, use
strings for keys and token instances for values.

class token

{
int _value;
public:
token( int 1 ) : _value( i ) {}
token( const token & ) = delete;
token 8operator=( const token & ) = delete;
token( token &8 ) = default;
token &operator=( token 8& ) = default:
token 8operator=( int v ) { _value = v; return *this; }
bool operator==( int v ) const { return _value == v; }
}

class flat_map;

7.r.3 [enzyme] TBD. Reactions tie up enzymes, which return to the pool
after the reaction is done. Different reactions need different sets of
enzymes present, and a given enzyme cannot be used by more than
one reaction at a time.

7.r.4 [tinyvec] TImplement tiny_vector,a class which works like a vec-
tor, but instead of allocating memory dynamically, it uses a fixed-size
buffer (32 bytes) which is part of the object itself (use e.g. an std: :array
of bytes). Like earlier, we will use token as the value type. Provide the
following methods:

e insert (take an index and an rvalue reference),
e crase (take an index),
e Dbackand front, with appropriate return types.

In this exercise (unlike in most others), you are allowed to use reinter-
pret_cast.

class token

{

int _value;

bool _robbed = false;
public:

static int _count;

) { + _count; }
- _count: }

token( int 1 ) : _value( i
~token() { if ( !_robbed )

token( const token & ) = delete;
token( token &0 ) : _value( o._value ) { o._robbed = true; }

token 8operator=( const token & ) = delete;

token &operator=( token &8&o )

{
if ( !_robbed 8& o._robbed ) -- _count;
_value = o._value;
_robbed = 0._robbed;
0._robbed = true;
return *this;
}
token &operator=( int v )
{
_value = v;
_robbed = false;
return *this;
}
bool operator==( int v ) const
{
assert( !_robbed );
return _value == v;
}

¥

Throw this if insert is attempted but the element wouldn't fit into the
buffer.

class insufficient_space {};

Hint: Use uninitialized_* and destroy(_at) functions from the memory
header.

class tiny_vector;

int token::_count = 0;

7.r.5 [lock] Implement class lock which holds a mutex locked as long
as it exists. The lock instance can be moved around. For simplicity, the
mutex itself is immovable.

class mutex

{
bool _locked = false;

public:
~mutex() { assert( !_locked ); }

mutex() = default:

nutex( const mutex & ) = delete;

mutex( mutex 8& ) = delete;

mutex &operator=( const mutex & ) = delete;
mutex &operator=( mutex 8& ) = delete;

void lock() { assert( !_locked ): _locked = true; }
void unlock() { assert( _locked ); _locked = false; }

bool locked() const { return _locked: }
h

class lock;

7.r.6 [bounded] Implement a simple FIFO of integers. The constructor
takes the maximum number of items in the queue as its sole argument.
Add methods push, pop, full, empty and next (the last of which simply
returns the next value, without changing anything). If the queue is
full, push should throw insufficient_space.

Try to make the implementation efficient (i.e. no deque).

class insufficient_space;
class bounded_queue;

Cast 8: Lambda, pokroéilé operatory

Kapitola se pripravuje.
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Cast S.2: Ukazatele, vyjimky, OOP

Druhad sada prinasi priklady zamérené na objektové-orientované pro-
gramovani, na praci s ukazately a vyjimkami a v neposledni fadé na
spravu zdroju.

a_natural - rozéiteni s1/f _natural o déleni,
b_treap - jednoduchy vyhleddvaci strom,
c_robots - programujeme roboty na mape,
d_network - simuldtor pocitacové sité s prepinaci,
e_query - hleddni v heterogennim stromé,
f_scrap - hra o zdrojich a zajimani.

S i e

Priklad a si vystaci se znalostmi z prvniho bloku, priklad b 1ze vytesit
po nastudovani 5. kapitoly, ptiklady c az d vyZaduji znalost 6. kapitoly a
konecné priklady e, f vyzaduji znalost 7. kapitoly. Opét plati, Ze reseni
néjakého prikladu z této sady mutiZe byt potfebné pro vytreseni prikladu
z posledni sady.

Cést S.2.a: natural

Tento ukol rozsituje s1/f natural o tyto operace (hodnoty m a n jsou
typu natural):

e konstruktor, ktery prijme nezaporny parametr typu double a vy-
tvofri hodnotu typu natural, kterd reprezentuje dolni celou ¢dst
parametru,

e operatoryn / nam % n(déleni a zbytek po déleni; chovani pron =
0 neni definované),

e metodun.digits( n ) kterd vytvori std: :vector, ktery bude repre-
zentovat hodnotu m v soustavé o zdkladu n (ptfitom nejnizsi index
bude obsahovat nejvyznamnéjsi ¢islici),

e metodu m.to_double() kterd vrdti hodnotu typu double, kterd co
nejlépe aproximuje hodnotu m (je-li { log,(m) — 52 a d =
m.to_double(), musi platit m - 2! < natural( d ) a zdrover natu-
ral( d ) <m + 2%;je-li m prilis velké, nez aby $lo typem double re-
prezentovat, chovani je nedefinované).

Prevody z/na typ double musi byt linedrni v poctu bitti operandu. Dé-
leni mtiZze mit sloZitost nejvyse kvadratickou v poc¢tu bitti levého ope-
randu. Metoda digits smi vci poctu bitt m, n provést nejvyse linedrni
pocet aritmetickych operaci (na hodnotdch m, n).

struct natural;

Cast S.2.b: treap

Datovd struktura treap kombinuje bindrni vyhleddvaci strom a bindrni

haldu. Samozrejmeé jedna struktura nemuZe splnit obé vlastnosti na

stejném klici:

* vyhledavaci strom poZaduje, aby hodnoty v levém podstromeé byly
mensi (@ hodnoty v pravém vétsi) nez hodnota v korenu,

* maximovd halda vyzaduje, aby hodnoty v obou podstromech byly
mensi, neZ hodnota v korenu.

Proto bude treap uchovavat dvojici hodnot: kli¢ a prioritu. Strom bude
usporadan tak, aby tvoril vzhledem ke kli¢i vyhleddvaci strom a binarni
haldu vzhledem k priorite.

Smyslem haldové ¢asti struktury je udrzet strom priblizné vyvazeny.
Algoritmus vloZeni prvku pracuje takto:

1. na zdkladé klice vliozime uzel na vhodné misto tak, aby nebyla
porusena vlastnost vyhledavaciho stromu,

je-li porusena vlastnost haldy, budeme rotacemi presouvat novy
uzel smérem ke korenu, a to az do chvile, nez se tim vlastnost haldy
obnovi.

Budou-li priority pridéleny ndhodné, vlozeni uzlu do vétsi hloubky
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vede i k vyssi pravdépodobnosti, Ze tim bude vlastnost haldy porusena;
navicrotace, které obnovuji vlastnost haldy, zdroven snizuji maximalni
hloubku stromu.

Implementuijte typ treap, ktery bude reprezentovat mnozinu pomoci
datové struktury treap a poskytovat tyto operace (t je hodnota typu
treap, k, p jsou hodnoty typu int):

implicitné sestrojena instance treap reprezentuje prazdnou mno-
Zinu,

t.insert( k, p ) vlozi kli¢ k s prioritou p (neni-li uvedena, pouZije
se ndhodnd); metoda vraci true pokud byl prvek skutec¢né vlozen
(dosud nebyl pritomen),

e t.erase( k ) odstrani kli¢ k a vrati true byl-li pfitomen,
t.contains( k ) vrati true je-li kli¢ k ptitomen,

t.priority( k ) vratf prioritu klice k (neni-li pritomen, chovani
neni definovdno),

t.clear() smaze véechny pritomné klice,

t.size() vrati po¢et ulozenych klicu,

t.copy( v ), kde v je reference na std: :vector< int >, v linedrnim
¢ase vloZi na konec v véechny klice z t ve vzestupném poradi,
metodu t.root(), které vysledkem je ukazatel p, pro ktery:

o p->left() vrati obdobny ukazatel na levy podstrom,

o p->right() vrati ukazatel na pravy podstrom,

o p—>key() vrati kli¢ ulozeny v uzlu reprezentovaném p,
p->priority() vrati prioritu uzlu p,

o je-li prislusny strom (podstrom) prazdny, p je nullptr.
kone¢né hodnoty typu treap necht je mozné presouvat, kopirovat
a také prifazovat (a to i presunem).?°

o

Metody insert, erase a contains musi mit slozitost linedrni k vysce
stromu (pti vhodné volbé priorit tedy ocekavané logaritmickou k po-
¢tu klicn). Metoda erase nemusi nutné zachovat vazbu mezi kli¢i a
prioritami (tzn. muze presunout kli¢ do jiného uzlu aniz by zaroven
presunula prioritu).

struct treap;

Cast S.2.c: robots

V této uloze budete programovat jednoduchou hru, ve které se ve vol-
ném prostoru pohybuji robotické entity tri typu.
Navrhnéte a naprogramujte tyto tridy:

game - reprezentuje trirozmérné hraci pole, ve kterém se pohybuji
vSechny herni objekty:

metoda tick posune ¢as o 1/60 sekundy, prepocita vsechny po-
zice a provede vSechny aplikovatelné akce,

o metoda run simuluje hru az do jejiho konce.

proximity mine - reprezentuje minu, ktera detekuje pritomnost li-
bovolného robota ve svém okoli

o

Cast S.2.d: network

Vasim ukolem bude tentokrat naprogramovat simuldtor pocitacové
sité, s témito tridami, které reprezentuji propojitelné sitové uzly:

e endpoint - koncovy uzel, ma jedno pripojeni k libovolnému jinému
uzluy,
bridge - propojuje 2 nebo vice dalsich uzlt,

router - podobné jako bridge, ale kaZdé pripojeni mus{ byt v jiném

Verze s presunem muZete volitelné vynechat (v takovém pripadé je oznacte jako smazané).
Budou-li pritomny, budou testovany. Implementace presunu je podminkou hodnoceni kvality
zndmkou A.
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segmentu.

Dale bude existovat trida network, kterd reprezentuje sitovy segment
jako celek. Kazdy uzel patri pravé jednomu segmentu. Je-li segment
znicen, musi byt zniceny (a odpojeny) i véechny jeho uzly.

Ttida network bude mit tyto metody pro vytvareni uzlt:

e add_endpoint() - vytvori novy (zatim nepripojeny) koncovy uzel,
prevezme jeho vlastnictvi a vrati vhodny ukazatel na néj,
add_bridge( p ) - podobné pro p-portovy bridge,

add_router( i ) - podobné pro smérova¢ s i rozhranimi.

Jsou-liman libovolné typy uzl, musi existovat vhodné metody:

e m—>connect( n ) - propoji 2 uzly. Metoda je symetrickd v tom
smyslu, ze m->connect( n ) an->connect( m ) maji tentyz efekt. Me-
toda vrati true v pripadé, Ze se propojeni podarilo (zejména musi
mit oba uzly volny port).

m->disconnect( n ) - podobné, ale uzly rozpoji (vraci true v ptipadg,
Ze uzly byly skutec¢né propojené).

m->reachable( n ) - ovéri, zda muize uzel n komunikovat s uzlem n
(na libovolné vrstvé, tzn. véetné komunikace skrz routery; jedna

se opét o symetrickou vlastnost; vraci hodnotu typu bool).

Koneéné ttida network bude mit tyto metody pro kontrolu (a ptipadnou
opravu) své vnitini struktury:

e has_loops() - vrati true existuje-li v siti cyklus,
fix_loops() - rozpoji uzly tak, aby byl vysledek acyklicky, ale pro
libovolné uzly, mezi kterymi byla pred opravou cesta, musi platit,

Ze po oprave budou naddle vzdjemne dosazitelné.

Cykly, které prochézi vice sitémi (a tedy prohdzi alesporni dvéma smé-
rovaci), neuvazujeme.

class endpoint;
class bridge;
class router;
class network;

Cdst S.2.e: query

Cast S.2.f: scrap

Cast 9: Souétové typy

Kapitola se pripravuje.

Cast 10: Knihovna algoritmti

Kapitola se pripravuje.

Cést 11: Retézce

Kapitola se pripravuje.

Cast 12: Vstup a vystup

Kapitola se pripravuje.

Cast S.3: Souctové typy, fetézce

a_machine - jednoduchy virtudlni stroj s paméti,

b_chess - hrajeme Sach,

c_real - redlna ¢isla (ddle rozsifuje s2/a_natural),

d_json - reprezentace JSON-u pouZitim std: :variant,
e_robots - rozéiteni s2/c_robots o nac¢teni vstupu,
f_network - nac¢ftani vstupu pro simulator z s2/d_network.

A wbd

o

V prikladech a aZ ¢ vyuZijete zejména znalosti z prvnich dvou blokt, vy-
Zaduji navic pouze vyctové typy (enum) z 9. kapitoly. Priklad d vyzaduje
znalosti 9. kapitoly a priklady e, f vyzaduji znalost 11. kapitoly.

Cast S.3.a: machine

In this task, you will implement a simple register machine (i.e. a simple
model of a computer). The machine has an arbitrary number of integer
registers and byte-addressed memory. Registers are indexed from 1
to INT_MAX. Each instruction takes 2 register numbers (indices) and an
‘immediate’ value (an integral constant). Each register can hold a single
value of type int32_t (i.e. the size of the machine word is 4 bytes).
In memory, words are stored MSB-first. The entire memory and all

PB161 Programovani v C++

registers start out as O.

The machine has the following instructions (whenever reg_x is used in
the description, it means the register itself (its value or storage location),
not its index; the opposite holds in the column reg_2 which always
refers to the register index).

opcode reg 2 description

mov >1 copy avalue fromreg 2toreg 1
=0 setreg 1toimmediate
add >1 storereg 1 + reg 2inreg. 1
=0 add immediate toreg 1
mul 21 storereg 1 » reg 2inreg. 1
jmp =0 jump to the address stored in reg_1
>1 jumptoreg 1if reg 2isnonzero
load >1  copy value from addr. reg_2 intoreg 1
stor >1 copy reg_1tomemory address reg_2
halt =0 halt the machine with result reg 1
>1 same, but only if reg_2 is nonzero

Each instruction is stored in memory as 4 words (addresses increase
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from left to right). Executing a non-jump instruction increments the
program counter by 4 words.

opcode immediate reg_1 reg_2

Executing one instruction should take constant time. The memory
required for the computation should be at most proportional to the
sum of the highest address and the highest register index used by the
program.

enum class opcode { mov, add, mul, jmp, load, stor, hlt }:

struct machine

{

Read and write memory, one word at a time.

std::int32_t get( std::int32_t addr ) const;
void set( std::int32_t addr, std::int32_t v ):

Start executing the program, starting from address zero. Return the
value of reg_1 given to the hlt instruction which halted the compu-

tation.

std::int32_t run():
};
Cést S.3.b: chess
Cést S.3.c: real
Cast S.3.d: json

Cast S.3.e: robots

Cast S.3.f: network

Cast T: Technické informace

Tato kapitola obsahuje informace o technické realizaci predmeétu, a to
zejména:

e jak se pracuje s kostrami uloh,

e jak sdilet obrazovku (termindl) ve cviceni,

e jak se odevzdavaji ukoly,

e kde najdete vysledky testti a jak je prectete,

e kde najdete hodnoceni kvality kodu (ucitelské recenze),

o jak ziskdte koéd pro vzajemné recenze.

Cast T.1: Informacni systém

TBD.

Cast T.2: Studentsky server aisa

Na server aisa se prihlasite programem ssh, ktery je k dispozici v prak-
ticky kazdém modernim opera¢nim systému (v OS Windows skrze
WSL? - Windows Subsystem for Linux). Konkrétni piikaz (za xlogin
doplrite ten svuj):

$ ssh xloginfaisa.fi.muni.cz

Program se zeptd na heslo: pouZijte to fakultni (to stejné, které pouzi-
vate k prihlaseni na ostatni fakultni pocitace, nebo napr. ve fadmin-u
nebo fakultnim gitlab-u).

T.2.1 Pracovni stanice Veskeré instrukce, které zde uvadime pro pou-
Ziti na stroji aisa plati beze zmén také na libovolné skoln{ UNIX-ové
pracovni stanici (tzn. z fakultnich poc¢itacti neni potreba se hlasit na
stroj aisa, navic maji sdileny domovsky adresar, takze svoje soubory
z tohoto serveru ptimo vidite, jako by byly uloZeny na pracovni stanici).

T.2.2 StaZeni koster Aktualni zdrojovy balik stdhnete prikazem:
$ pb161 update
Stazené soubory pak naleznete ve slozce ~/pb161. Je bezpe¢né tento

prikaz pouzit i v pripadé, Ze ve své kopii jiZ mate rozpracovand resent
- systém je pti aktualizaci neprepisuje. Doslo-li ke zméneé kostry u pri-

Jako alternativu, nechcete-li z néjakého divodu WSL instalovat, 1ze pouzit program putty.
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kladu, ktery mate lokalné modifikovany, aktualizovanou kostru na-
leznete v souboru s dodate¢nou priponou .pristine, napt. 01/e2_con-
cat.cpp.pristine. V takovém pripadé si mtZete obé verze srovnat pri-
kazem diff:

$ diff -u e2_concat.cpp e2_concat.cpp.pristine

Pripadné relevantni zmény si pak jiz lehce prenesete do svého reseni.
Krom samotného zdrojového baliku Vam pirikaz pb161 update stdhne
i veskeré recenze (jak od ucitelu, tak od spoluzaku). To, Ze mate k dis-
pozici nové recenze, uvidite ve vypisu. Recenze najdete ve sloZce
~/pb161/reviews.

T.2.3 Odevzdani feSeni Odevzdat vypracované (nebo i rozpracovaneé)
reseni mazZete ze slozky s relevantnimi soubory takto:

$ cd ~/pbl61/01
$ pbl61 submit

Pridate-li prepinac¢ --wait, prikaz vyckd na vyhodnoceni testt faze

Lsyntax” a jakmile je vysledek k dispozici, vypise obsah prislusného

poznamkového bloku. Chcete-li si ovérit co a kdy jste odevzdali, mtiZete
pouzit ptikaz

$ pbl61 status

nebo se podivat do informacniho systému (bliZze popsano v sekci T.2).

T.2.4 Sdileni terminalu Resite-li ptiklad typu r ve cviéeni, bude se
Vam pravdépodobné hodit rezim sdileni termindlu s cvicicim (ktery
tak bude moct promitat Vas zdrojovy kod na platno, pripadné do néj
jednoduse zasdhnout).

ProtoZe se sdilf pouze termindl, budete se muset spokojit s negrafickym
textovym editorem (doporucujeme pouzit micro, pfipadné vim umite-li
ho ovlddat). Spojeni navdzete ptikazem:

$ pb161 beamer
ProtoZe prikaz vytvori nové sezeni, nezapomente se presunout do
spravné slozky prikazem cd ~/pb161/NN.
T.2.5 Recenze Prikaz pb161 update krom zdrojového baliku stahuje
také:

1. zdrojové kody, které mate mozZnost recenzovat, a to do slozky
~/pbl61/to_review,

2. recenze, které jste na svilj kod obdrzeli (jak od spoluzaku, tak od vy-
ucujicich), a to do stavajicich slozek zdrojového baliku (tzn. recenze
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na priklady z prvni kapitoly se Vam objevi ve slozce ~/pb161/01 - Ze
se jednd o recenzi poznate podle jména souboru, ktery bude zac¢inat
uZzivatelskym jménem autora recenze, napr. xrockai.99123.p1_nha-
mming. cpp).

Chcete-li vypracované recenze odeslat:

presurite se do slozky ~/pb161/to_review a

zadejte prikaz pb161 submit, pripadné doplnény o seznam soubor,
které hodlate odeslat (jinak se odeslou vsechny, které obsahuji ja-
kykoliv pridany komentar).

Cast T.3: Kostry uloh

Pracujete-li na studentském serveru aisa, mtzete pro preklad jednotli-
vych prikladt pouzit prilozeny soubor mekefile, a to zadanim prikazu

$ make ptiklad

kde ptiklad je ndzev souboru bez ptipony (napft. tedy make el _facto-
rial). Tento prikaz postupné:

1. prelozi Vase feseni prekladacem g++,

2. provede kontrolu ndstrojem clang-tidy,
3. spusti prilozené testy,

4. spusti kontrolu nastrojem valgrind.

Selze-li néktery krok, dalsi uz se provadét nebudou. Povede-li se pre-
klad v prvnim kroku, v pracovnim adresdfi naleznete spustitelny sou-
bor s ndazvem piiiklad, se kterym muZete ddle pracovat (napf. ho la-
dit/krokovat nastrojem gdb).

Existujici preloZené soubory muizete smazat prikazem make clean (vy-
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nutite tak jejich opétovny preklad a spusténi vsech kontrol).

T.3.1 Textovy editor Na stroji aisa je k dispozici jednoduchy editor
micro, ktery ma podobné ovlddani jako klasické textové editory, které
pracuji v grafickém rezimu, a ktery mad slusnou podporu pro préci se
zdrojovym kdédem. Doporucujeme zejména méné pokrocilym. Dalsi
moznosti jsou samoziejme pokrocilé editory vim a emacs.
Mimo lokdlné dostupné editory si mtiZzete ve svém oblibeném editoru,
ktery méte nainstalovany u sebe, nastavit rezim vzdalené editace (pou-
Zitim protokolu ssh). Minimalné ve VS Code je takovy rezim k dispozici
a je uspokojive funkéni.
T.3.2 Vlastni prostfedi Kazdy ptiklad je zcela obsaZen v jednom stan-
dardnim zdrojovém souboru, proto je jejich preklad velmi jednodu-
chy. Pravdépodobne kazdé IDE zvlddne s priklady bez problému pra-
covat (spoustét, ladit, atp.) - dejte si pouze pozor na to, Ze potrebujete
prekladac s podporou standardu C++20 (nejstarsi verze, které lze ro-
zumné pouzit, jsou gec verze 10 a clang verze 13). Uroveri podpory
standardu C++20 v naseptavacich, zabudovanych kontrolach atp. je
raznd. YMMV.
Pracujete-li na POSIX-ovém systému (véetné WSL), mtzZete také pouzit
dodany soubor makefile, pouze si v nadrazené slozce (tzn. vedle slozek
01, 02, atd.) vytvorte soubor local .mk, ve kterém nastavite, jak se na
Vasem systému spousti potfebné pfikazy. Na typickém systému bude
fungovat:

CXX = g++

TIDY = clang-tidy

VALGRIND = valgrind

V opacném pripadé si budete muset potrebné kontroly spoustét ru¢né.
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