CS 251: Data Structures and Algorithms
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Figure 1: Formulas
Big-O
Big-O: f(n) € O(g(n)) <=
Je¢>0,3ng >0 : VYn>ng, 0< f(n) <cg(n).

Big-Q: f(n) € Q(g(n)),
0<c-g(n) < f(n)

Big-©: f(n) € O(g(n)),
0<ci-g(n) < f(n) <ecz-g(n)

Computations

Ng Input size (n)

Figure 2: Big-O curve

Arrays

Access: ©(1), Insert: ©(1) (with tail) ©(n) (no tail).

Resize and space of resize: ©(n)

Binary trees

Max nodes in BT (total in complete BT) = 21 — 1. Leave
nodes = 2"

Figure 3: Full BT and Complete BT

— Full BT: Each node has none or two children.
— Complete BT: All levels full until last (left to right).

Balanced BT: At every node the height of the left and right
subtree differs by at most 1:

2" < m — h < logyn .. h € O(log(n)), where n is the
number of nodes.

Balanced BT Insertions, Searches & Deletions: O(log(n))

Binary Heap

Complete binary tree .. h € O(log(n)).

Insertions & Deletions: O(log(n)) through single path.
— Left: 2¢ + 1, Right: 27 + 2.

— Parent: L%J

Max heap (max on top). Min heap (min on top).

Insertions enter in complete BT order and then adjust (sift
up).
Single insert is Olog(n) .. n inserts € O(nlog(n))

Heapify

Sift down on all nodes in an array from [0, | %| — 1]

Heap build: O(n)

Heap sort

Call Heapify (O(n)) and then swap the root with the last
item and fix the heap ("lock" the last element after swap).
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Figure 4: Heap sort example



Quick sort

Not stable and pivot selection is arbitrary.
Best case (O(nlog(n)))— even partitions.
Worst case (O(n?))— one partition has n — 1 elements.
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Figure 5: Quick sort; i (return) is moved when comparison is
lower and swaps at j (comparison index)

Counting sort decision tree

Leaves are n! permutations of the array (all possibilities).
Internal nodes are the conditional checks.

As full BT will be 2" leaves .. 2" > n!

h >logyn! = h >nlogyn ... h € O(nlog(n))

Counting sort

Array — Freq. array — Cm. frq. array — Resulting array
filled from cm. frq. array backwards.

Stable, bad with large max value of an array.

Runtime & Space: O(n + k), where n: array size; k: max
value of array (freq. arr.).

Bucket sort

Worst case O(n?) — unsorted un-uniform distribution.

Best case O(n) — one element per bucket or all sorted in
one bucket.

Avg. case O(n + "72 +k)

If there is one key per bucket (i.e. there exists a bucket for
any key) then, O(n + k), where n: elements in array; k:
buckets.

Extra work comes from sorting within each bucket.

Better for uniform distributions: fits things equally.

Radix sort

Sorting through LSD to MSD using a stable sorting algo-
rithm (e.g. counting sort).

Runtime: O(d(n+k)), where d: digits; n+ k: counting sort.
Space: O(n + k)

Using bucket sort with binary digits, create 2 buckets for 2
keys (1 and 0).

If there are constant lengths of digits then O(n) is possible.

E.g. O(d(n + 2)) € O(n) if there are constant lenths of
binary numbers.

Polynomial rolling hash

Where S: string of length m; a: multiplier for polynomial.

m—1

H(S,a) = spa™ ' 4+ 51a™ 24 ... + 510" = E s;am il
i=0

If using a fixed sized window m then do rolling updates on
S: Hy = (Ho — 5014 - a™°%) X a + Spew

Hashing functions

Division method: h(k) = k mod m (avoid 2% and 107 = m),
where m: size of hash table.

Multiplication method: h(k) = |[m(kA mod m)| (A =~

V51
2

; m is not critical)

Aim to have keys be distributed uniformly (no clusters).

Collision strategies

Under the Simple Uniform Hashing Assumption

— Average number of keys per bucket (Load Factor): o = >

—neO(m). . acO(), n: keys, m: buckets.
Chaining

Figure 6: Chaining collision management

Worst case O(n): traversing all items in the table.

Runtime ©(1 + LengthO fChain) = O(1 + -).



Open addressing

Probing sequence for h(k,i) = h(k,0), h(k,1),...,h(k,m—1)
— Linear: h(k,7) = (h(k) + i) mod m.

— Quadratic: h(k,4) = (h(k) + c1i + c2i%) mod m, where c:
coefficients chosen.

— Double hashing: h(k,i) = (h(k) + ih1(k)) mod m.
Element deletion will mess up the hash (offset from probing
impossible to reach).

When load factor is too high there is a cluster overhead.

Insertions probe: ﬁ

Successful search probes: < In(71-)

Unsuccessful search probes: 1%

(e}
Rehashing

Chaining: Open addressing:

— Goal: a constant. — Goal: a < %
— Double m when « > 8. — Double m when a > 1.

— Halve m when a < 2. — Halve m when a < %.

B-trees

The order (num. of children) is m, determined from m — 1
keys in the parent.

Height: h € O(log,, n).
B-trees are always "complete'—all levels full.

Insertions do not increase heigh unless m order limit is
reached in the root.
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tion Figure 8: B-tree types

Figure 9: B-tree deletion with high redux
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Root and null links are
black.

Red parents have black
children.

All paths, excluding null
links, have the same num-
ber of black nodes h €
O(log(n)) (black height).

Figure 11: R-B Tree operations

Black height increase in an RB-tree, correlates to a height
increase in a 4-node b-tree (2-3-4 tree).

Undirected graphs

Handshake theorem: ) .y deg(v) =2 - |E|

Edge count: |E| < W, considering |V| — 1 edges on
V edges.

Complete graph has vertexes with degree |[V| —1 . |E| =
|V|(\‘g|*1))

Paths and cycles
Simple path/cycle have no repeated edges/vertices.
Euler path visits all edges Hamiltonian path visits all

once. vertices once.

Euler cycle is a Euler path
that starts/ends on the
same v.

Hamiltonian cycle is a H.
path that starts/ends on
teh same v.

Length is the number of edges.

Edge representations

Edge list
List: (u,v), (u,w), (v, ), ...



Adding edge: O(1)
Space, Adj. vertex check, & Adj. iteration: O(|E|)
Adjacency matrix

Cells are 1 or 0, and A* gives the num. of k-length paths
between vertices.

Edges goi — j
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Figure 12: Adjacency matrix

Space: O(|V]?)

Adj. iteration: O(|V|)

Adding edge & adj. vertex check: O(1)
Adjacency list

Figure 13: Adjacency list

Space: O(|V|+ |E|)
Adding edge: O(1)
Adj. vertex check & Adj. iteration: O(deg(V))

Types of graphs

Connected graphs have paths for all pairs of vertices.
Spanning subgraph has all V' in G

Trees are undirected, connected, and acyclic graphs.
Forests are collections of trees (acyclic).

Spanning tree are spanning subgraphs of G that are trees.

Graph characteristics

Sparse graphs — |E| << |V|? (use lists)

Dense graphs — |E| ~ |V|? (use matrices)

Strong connectivity is that every v is connected to every
other v € V' (with reflexive, symmetric, and transitive prop-
erties).

Test strong conn. by running DFS on G and G’ (inverted
pointing), if all nodes are visited then there is strong conn.

Depth-first search (DFS)

Traverses |F| twice (2 - |E|) by backtracking.

If non-visited node remains, then G is not connected.

Runtime: O(|V|+ |E|) (adj. list)

nodL-to St
A

7/
algorithm DFS(G(V,E), s€V, T
mark s as visited =» IOOILU‘) Oruy

for each w €V adjacent to s do
if w is not visited then
insert (s,w) to T <9 T is Hw
lﬁ( DFS(G, “rﬂ‘:] Rt
9"%:,; ﬂ( K bagps ok o
e end for r

G viskd nos
end algorithm

Breath-first search (BFS)

Traverses all V and FE.
Runtime: O(|V| + |E|)

Terminates when the queue is empty or all vertices are dis-
covered.

algorithm BFS(G(V,E), s€V) m (or "“9 'Lrudn o}
let Q be an empty queue Frewesel
let edgeTo be an array of size |V|

mark s as visited
HIM o ’H'WUSC{,I Q.enqueue(s) we‘gﬁ 0 kap tock q’
while Q is not empty do
u « Q.dequeue()
PP i O L ST 2 o Yop o b tolite

‘ML X if w is not visited then flhat nocle's chiledr n
W‘j Ligt mark w as v151ted

Por “u. eengieue () ?ar guhin Fuvdsals
edgeTo[w] « u be of,
end if GI M @ <
end for
end while
Puﬂﬂ all

return edgeTo Sayered children

end algorithm

Retys\" foomeer s e poth

Transitive closure

G* shows the paths where v # u has a directed path (u,v)
Warshall uses 1s in diagonal if self loops or cycles.
Floyd-Warshall algorithm builds G* matrix.

RF to denote progression from k = —1.



algorithm Floyd-Warshall(M:adjacency matrix representing G(V,E)) Bellman_Ford algorithm
RED e M
ne vl

for k from @ to n—1 do
for i from @ to n—1 do

o® whve Shortest path with negative weights, that iterates V — 1

Forﬂ{kﬁ;‘;’]ﬂf;g’g[ﬁ] ior (R®D[i,k] and RE-D[k,j]) } wis Hu times +1 fOI' negative cycle checking.
end for el mayix
end for . . .
end for oad gis Checks every node, and updates neighbors weights until no
Bl N nodes are updated.

Runtime: O(|V| - |E|)

m[il [j] = glil[j] Il (glil [k] && glk][k1);
final = init || (indirect path i->k->j);
algorithm BellmanFord(G(V,E), s€V)

: 2 i Hisrooy o Povent Chausk gr G ¥V OV
Space: O(|V]?) (matrix) Yv?&‘m WAL N Lot dtztsy 22 = sy ) all dis
Runtime: O(|V|3) (1’ j’ k) for each veEV do N

dist[v] « o \ni e bon
e
. . dist[s] « @ 0 oS
Topological ordering V- cher]
for i from 1 to |[V| -1 do o\ Cds‘h
for each e = (y,v) €E do — F“

Directed acyclic graph (DAG): digraph with no cycles. edge Qodveed

d « dist[u] + weight(e)
if d < dist[v] then

dist[v] « d ;
. .. . pr‘ev[z] cu o \ower sk, tem
Numbering vy, ..., v, such that every (v;,v;) is i < j. 5t corcent
end for
By inspection, remove nodes with indeg(0) in order.
for each e = (u,v) €EE do
if dist[u] + weight(e) < dist[v] then On‘
error “Negative Weight Cycle” acldihone@
G = end if CHm,hCh
> e T Maintos e, opolagad arcy end for
e e verkex, Ca Maw—;v{
in I Pk Vs o incad return dist, prev
Bl 1t i 1o i end algorithm 03‘)‘1 (,\/uda‘nﬂ

Ad it 1o B groad Yopaloy “arder
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Runtime: O(V + E) using DFS, O(1) for insertion lists. MST & Kruskal’s MST algorithm
Minimum spanning trees (MSTs) are spanning trees with
minimal weights.

Dijkstra’s algorithm

— Splitting vertices into two groups, the min weight edge is

Greedy shortest path, that uses min-heap for inspected
part of the MST of G.

nodes and their weights.

— Removes when discovered, updated when finding path — On cycles the biggest weight is never in the MST of G.

with lesser cost.

Min-heap removal: O(|E|log(|V]))
Update: O(log(|V]))

Runtime: O((|V|+ |E|)log(|V]))

Kruskal’s algorithm finds the MST by using Union-Find on
nodes at increasing weights.

Uses min-heap to obtain the weights in increasing order.

Runtime: O(|E|log(|V]))

sro ( iait-ve) Find <> Wion set does LoH - wor
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r\waL Wil 2 bl 'mIn—W-M’ i3 end while
WP while Q is not empty do
o qﬂm —— u « Q.getMin() A L \cowssuk - POF return T
v for each w €V adjacent to u still in @ doy ™Y end algorithm
d « dist[u] + weight(u, w) —, afw)
if d < dist[w] then Oistute p,,a,ﬂh
dist[w] « d —\3 k e te)
previw] « u o
C nﬂ“ﬁ‘w €———— (.set(d, w) \g olist i3 smabier Hhen ypdite
end if .
\(\ wo end for UIIIOIl-ﬁIld
\)()bn' end while
return dist, prev
endjalgoritha Quick-Find merges by grouping nodes under a "parent" node

label, and finds by an array lookup.



UF(n) _y Numina 0 whe

count « n
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end for QAN S

function union(p:item, q:item) jaininn Seks =
S = e
idP « id[p ; -
1dQ « 1d[q] } Hold Hat <ets \pefore union in N
for i from @ to n-1 do
i ECIE) = 2P ”‘E"} glanaat o o, ¢
id[i] « id N
e A ThLsen Sor o P Hp el (o W4 conviried
end for h’ aww - ﬁ—
count « count - 1
end function

function find(p:item)

o
return id[p] Rariens He QJ'UF dunent
end function (AdM( P'

B e N N e R
end function

function count()
return count ‘g [ILG CH E i)

End function

Quick-Union, using path compression, joins nodes into their
corresponding tree.

Union(6, 5) will look up to the root of 6 in Find(6):
6 — 2 — 1 — 3 and will attach all intermediaries directly to
the root (3). Does the same with Find(5) 5 — 4 and joins
the smaller tree as a child of the bigger tree (4 child of 3).

o e wseE 2o L0 L S U sy
ch\)J% 3134 426 | 8 " Widlgs 3 33493618
< %

N @ ® ® Q
N g
cfoRo -
©,
G function find(p:item)
for 1 fron 6 to n-1 do if p = id[p] then
id[i] « 1 return p
end for ]
function union(p: iten, q:item) id[p] « find(id[p])
o < rindn return id[p]
exit if idP = idQ end function
1d[1dP] « 1do

count « count - 1
end function

function Find(p:item)
while p # id[p] do
p « id[p]
end while
return p
end function

function connected(p:item, q:item)
return find(p) = find(a)
end function

function count()
return count
end function

Quick-Find runtime: O(tree_depth) or worst degen O(n)
Quick-Union runtime: O(1) and path comp: O(a(n))

Brute-force string matching

Takes a substring and compares it contiguously.

Runtime: O(m) - O(n) € O(nm)

Boyer-Moore algorithm

T (text) and backwards P (pattern) comparison.

Creates a numeric rep. for the occurrence of each char, and
then compares and moves at offset: m — min(j, 1+ L|c]).

Number of comparisons are the total times the last char is
compared + offsets (example has 15).

Tries

Prefix/suffix tries contain all possible combinations.
For a single string: O(|w|)

For PATRICIA tries, a node is redundant and can be
grouped if it’s not the root and has one child (include $).

s10)
st
s2)
B
S =

sie= [
sm=
58] =

Huffman

Greedy, min-heap, that encodes high freq. with short code-
words.

Runtime: O(nlog(n)).

algorithm HuffmanCoding(S:string)

€ « distinctcharacters(s) =7 & \apt¥i v
o({y\“ F « computeFrequencies(S, C) —7 c’(w'hﬂ

let Q be an empty min-heap —3 (Jusick. QO o smul\>k

for each c€C do
let T be a new tree node Pdding lf ghus ond Hheic
T.char « ¢ a0 in Wap
T.freq « F[c] {req
Q.insert(F[c], T)

end for

O(,Vlloaﬂ

while Q.size() > 1 do S
let T be a new tree node-2Node Hat hoids the hint Ereg, O it cailoven

T.left « Q.getMin() broy Veosh Qre, huno noduy 1o e
O(ﬂk?‘j'\-) T.right « Q.getMin() £ Ll o
T.freq « T.left.freq + T.right.freq 3 .
Q.insert(T.freq, T)—y wtct i back In9 Win-woP  por herativg \;u.\dmg
end while

return Q.getmin() =) LOSY nade in wmalp | (§ W rook o Wnt. ynodieg Yvee

end algorithm

K-d trees & quadtrees

K-dimensions where non-leaf nodes split into half-spaces.
Each level alternates dimensions (e.g. 0:x, 1:y, 2:x).

Quadtrees split into 4 spaces (NW, NE, SW, SE).

Insertions use level discriminant to locate parent child nil
(e.g. Insert(70, 50) uses 70 for x levels, and 50 for y
levels).

Deletions swap node with minimum value of discriminant at
the level in the right subtree (if the min node has children
then the same process is done for that node). Leaf is deleted.

The expected depth of the quadtree at each level: 4P ~n .
D = Llog,(n), where n: num. points.

Range query result is determined by square query s inter-

: . . Bound Bound
section with square region: UppegDO“" = Uppf:l e

W%/Q = 5-n'/2 - s2.n are the points intersecting (leaf

nodes).



