
M3

Storage Layout: Row vs Columnar

A storage layout specifies how a table's bytes are stored on

disk.



Same logical table, two physical storage layouts

Listens (logical table)
what your query sees

user_id song_id rating listen_time

42 100 5 10:32
7 200 4 10:35
13 100 3 10:40
42 300 5 10:42
7 100 5 10:45

stored as rows stored as columns

Row-Oriented File · disk
each page packs whole rows together

Page 1
[ 42 · 100 · 5 · 10:32 ]
[ 7 · 200 · 4 · 10:35 ]
[ 13 · 100 · 3 · 10:40 ]

Page 2
[ 42 · 300 · 5 · 10:42 ]
[ 7 · 100 · 5 · 10:45 ]

Columnar Files · disk
each column gets its own file

user_id

42
7
13
42
7

song_id

100
200
100
300
100

rating

5
4
3
5
5

AVG reads
only this

listen_time

10:32
10:35
10:40
10:42
10:45

The physical layout decides which bytes a query reads. The same logical Listens table appears in both
layouts. Row-oriented storage packs whole rows into a page, so reading row 5 returns all four columns in

one read and a write is one append. Columnar storage gives each column its own file, so AVG(rating)
touches only the rating file and skips the other three. Which layout wins depends on the query: SELECT
AVG(rating) favors columnar (row layout wastes about 75% of the I/O on this 4-column toy, far more on wide
tables), while SELECT * WHERE listen_id = 42 and inserts or updates favor row, since one record is one
packed page rather than a seek-and-reassemble across four files.

Notes ↗

https://cs145.web.app/Module3-nanoDB/storage-layout.html#row-vs-columnar


M3

Case Study 3.1: BigQuery, From
Web Crawl to Petabyte Analytics

BigQuery scales to trillions of rows by storing data in a

columnar format and decoupling storage from compute.



Read 4-byte ratings, skip 5 MB songs

artwork

1 MB
skip

rating

4 bytes
read

genre

4 bytes
read

song

5 MB
skip

Per row example

worker worker worker worker worker × thousands,
on demand

Root: AVG(rating) per genre
results bubble up the tree

Each row in this illustrative table has a 4-byte rating, a 4-byte genre dictionary code, 1 MB of artwork, and 5
MB of song audio. The query reads the two small columns and skips the media. Workers scan those
columns in parallel and combine partial results. Thin green bars identify on-disk columns.

Notes ↗

https://cs145.web.app/Module3-nanoDB/case-study-bigquery-scaling.html#bigquery-hero


Same logical table, two physical storage layouts

Listens (logical table)
what your query sees

user_id song_id rating listen_time

42 100 5 10:32
7 200 4 10:35
13 100 3 10:40
42 300 5 10:42
7 100 5 10:45

stored as rows stored as columns

Row-Oriented File · disk
each page packs whole rows together

Page 1
[ 42 · 100 · 5 · 10:32 ]
[ 7 · 200 · 4 · 10:35 ]
[ 13 · 100 · 3 · 10:40 ]

Page 2
[ 42 · 300 · 5 · 10:42 ]
[ 7 · 100 · 5 · 10:45 ]

Columnar Files · disk
each column gets its own file

user_id

42
7
13
42
7

song_id

100
200
100
300
100

rating

5
4
3
5
5

AVG reads
only this

listen_time

10:32
10:35
10:40
10:42
10:45

The physical layout decides which bytes a query reads. The same logical Listens table appears in both
layouts. Row-oriented storage packs whole rows into a page, so reading row 5 returns all four columns in

one read and a write is one append. Columnar storage gives each column its own file, so AVG(rating)
touches only the rating file and skips the other three. Which layout wins depends on the query: SELECT
AVG(rating) favors columnar (row layout wastes about 75% of the I/O on this 4-column toy, far more on wide
tables), while SELECT * WHERE listen_id = 42 and inserts or updates favor row, since one record is one
packed page rather than a seek-and-reassemble across four files.

Notes ↗

https://cs145.web.app/Module3-nanoDB/storage-layout.html#row-vs-columnar


Slotted Page (Row-Oriented Layout)

on disk
page header (metadata)

Row A [42, 7, 100, 5, 10:32]

Row B [7, 13, 200, 4, 10:35,
'longer comment field…']

Row C [13, 42, 300, 3, 10:40]

data ↓

free space

slot array (each slot = offset + length, fixed size)

S0 → Row A S1 → Row B S2 → Row C + next → slots ↑

A 64 MB slotted page stores variable-length records from the top downward and a fixed-size slot array from
the bottom upward. Free space remains between them. Each slot stores an (offset, length) pointer, so S0
points to Row A and S1 to Row B. An in-place update writes the row without moving it when the row keeps
the same size. When a row grows, the DB moves the row to a new location inside the page and updates the
slot, so references like page_id, slot_id remain stable.

Notes ↗

https://cs145.web.app/Module3-nanoDB/storage-layout.html#slotted-page


Pure columnar versus Parquet

Pure columnar
one file per column

user_id.col

song_id.col

rating.col

listen_time.col

one row = a seek per column
1,000 columns
= 1,000 files

listens.parquet · one file on disk
nesting: row group ▸ column chunk ▸ ~1 MB page

Row Group 1 · ~128 MB (~1 million rows)

Row Group 2 · ~128 MB ⋯ the file is a sequence of row-groups

one chunk per column
user_id

42 · 7 · 13
dictionary

song_id

100 · 200 · 100
dictionary

rating

5 · 4 · 3
run-length

listen_time

10:32 · 10:35
delta

Inside a column chunk: ~1 MB Parquet pages

page · ~1 MB page · ~1 MB ⋯ ~1 MB Parquet page
≠ 64 MB DbFile page

Footer · schema + per-row-group min/max stats
WHERE listen_time > T reads the footer first, then
skips whole row-groups that cannot match.

The trade
Pay: compression resets at each row-group boundary, a sliver.
Gain: a row stays local · 1 file, not 1,000 files · the row-group is the unit of work for writes and parallel scans.

Parquet stores columnar data inside row-groups in one file. A pure columnar layout stores one file per

column, so reading one row performs a seek per column and 1,000 columns produce 1,000 files. Parquet
keeps per-column compression and scan behavior. A row stays within one row-group, and row-groups
support writes and parallel scans. The footer stores per-row-group min/max statistics, and predicates can
skip groups without reading their column chunks. Encodings stop at row-group boundaries, which reduces
compression slightly.

Notes ↗

https://cs145.web.app/Module3-nanoDB/storage-layout.html#parquet-row-groups


M3

Hybrid Storage: One Table, Two
Layouts

Hybrid storage keeps row-oriented and column-oriented

layouts in the same table.



One table, two layouts, picked by data age

newest · hot (writes) oldest · cold (scans)

Recent partitions

row-shaped part

row-shaped part

row-shaped part

Inserts: ~1M/sec
whole row written in one place

background

merge

when activity slows

row ~10:1

Aged partitions

columnar segment columnar segment

Scans: ~100 ms · ~10:1 compression
one column read, the rest skipped

Unified query engine: one SQL surface reads both layouts and merges the result

listen_time provides a partitioning dimension. The system writes fresh listens into small row-shaped parts
(grey) to accept inserts at about 1M/sec by writing each row contiguously. A background merge rewrites
older parts into columnar segments (green) after activity slows. Analytics scan one column and skip others
at roughly 10:1 compression. One query engine reads both layouts through the same SQL surface.

Notes ↗

https://cs145.web.app/Module3-nanoDB/hybrid-storage-example.html#how-it-works


M3

Hash Partitioning: Divide and
Conquer

Hash partitioning splits a too-big-for-RAM table into N

partitions by hashing a key.



Hash Partitioning: split a too-big-for-RAM file into B partitions

DISK · input

P1 42·100, 7·200

P2 13·100, 42·300

P3 7·100, 13·200

P4 42·400, 99·500

P5 88·600, 7·700

P6 13·800, 42·900

⋮

+ thousands more pages
(won't fit in RAM)

RAM

Input buffer · one page

P3 7·100, 13·200
read

h(user_id) % 3

Buffers after P3

B0
42·100, 42·300

B1
7·200, 7·100

B2
13·100, 13·200

Hash the key; keep the whole row

DISK · final partitions

flush P0
42·100, 42·300
42·400, 99·500

42·900, …

flush P1
7·200, 7·100

88·600, 7·700
…

flush P2
13·100, 13·200

13·800, …

Hash partitioning makes one pass over a too-big-for-RAM file using a small RAM workspace. A page
streams into the input slot, each row hashes by h(user_id) % B and routes to one of ~B output buffers, and
a full buffer flushes to its partition file on disk. Rows with the same key always land in the same partition, so
later stages can sort, join, or group one partition at a time. See the IO Cost Summary for the cost
breakdown.

Notes ↗

https://cs145.web.app/Module3-nanoDB/hash-partitioning.html#hash-partitioning-figure


M3

BigSort: Sorting TBs of Data with
GBs of RAM

BigSort (or external merge-sort) sorts a table larger than

RAM by reading RAM-sized chunks, sorting each chunk in

memory, writing each sorted chunk to disk, then merging

the sorted chunks.



External Merge Sort: 4 Pages of RAM at a Time

PHASE 1 · SORT RUNS

Disk · unsorted file

read 4

RAM · 4 pages

quicksort in place

write run

Disk · sorted runs (each a gradient)

PHASE 2 · MERGE

Disk · sorted runs

read each head

RAM · merge buffers

in buffers out · emit smallest

write

Disk · one fully sorted run

Phase 1 reads four pages into memory, quicksorts them in place, and writes the pages back as one sorted
run, repeating until the file becomes a set of sorted runs. Phase 2 keeps the head page of each run in
memory, repeatedly selects the smallest remaining value, and writes it to the output to merge the runs into
one sorted file. Each tile is a page shaded by its sort key, light for small and dark for large.

Notes ↗

https://cs145.web.app/Module3-nanoDB/big-sort.html#memory-model


BigSort: move every page yourself

Input: Listens

Split and Sort

Merge Pass 1

Merge Pass 2
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Notes ↗

https://cs145.web.app/Module3-nanoDB/big-sort.html#bigsort-live


The official CS145 IO equations

Notes ↗

https://cs145.web.app/Module3-nanoDB/io-algorithms.html#equations-sheet


M3

Block Nested Loop Join: The
Simple Double Loop

Block nested loop join loads a block of the outer table into

RAM, scans the inner table once per block, and applies the

join predicate to candidate row pairs.



Block Nested Loop Join: hold R in RAM, stream S one page at a time

DISK · inputs

R · 1 page

P1 4 rows

S · 4 pages

P1 42·100, 7·200

P2 13·100, 42·300

P3 7·100, 13·200

P4 42·400, 99·500

RAM

R · one page stays in RAM

P1 7·Mickey, 13·Minnie,
42·Pluto, 99·Daffy

load once

S input buffer · one page

P1 42·100, 7·200

stream
one page at a time

Compare
each S row

with every R row

Replace the S page; keep the R block

emit matches

Join output
user_id · name · song_id

42 · Pluto · 100

7 · Mickey · 200

13 · Minnie · 100

42 · Pluto · 300

7 · Mickey · 100

13 · Minnie · 200

42 · Pluto · 400

99 · Daffy · 500

8 rows across all 4 S pages

Block Nested Loop Join, R ⋈ S. Read the smaller table R from disk and hold it in RAM for the whole join. The
larger table S streams past in 4 pages, each loaded into a one-page slot, probed against R, then discarded,
producing 8 joined rows (2 per S page here). Best case, when R fits in B pages, is P(R) + P(S) + OUT; if R is
bigger than B it becomes P(R) + ⌈P(R)/B⌉ × P(S) + OUT, because S is re-scanned once per R-block. Always
make the smaller table the outer one.

Notes ↗

https://cs145.web.app/Module3-nanoDB/block-nested-loop-join.html#bnlj-figure


M3

Hash Partition Join

Hash partition join joins two tables that do not fit in RAM.



Hash Partition Join: R ⋈ S on user_id

Phase 1 · read from disk, hash into partitions on disk

R (Users) · disk

user_id name
7 Mickey
13 Minnie
42 Pluto
99 Daffy

h(user_id)

R₀ · disk (h → 0)

42 · Pluto

99 · Daffy

R₁ · disk (h → 1)

7 · Mickey

R₂ · disk (h → 2)

13 · Minnie

S (Listens) · disk

user_id song_id
42 100
7 200
13 100
42 300
7 100
13 200
42 400
99 500

h(user_id)
(same h)

S₀ · disk (h → 0)

42 · 100
42 · 300
42 · 400
99 · 500

S₁ · disk (h → 1)

7 · 200
7 · 100

S₂ · disk (h → 2)

13 · 100
13 · 200

Phase 2 · load each partition pair into RAM and join there

R₀ ⋈ S₀ · in RAM
build hash on R₀, probe with S₀

→ 4 output rows
user_id 42 → 3 matches · user_id 99 → 1 match

R₁ ⋈ S₁ · in RAM
build hash on R₁, probe with S₁

→ 2 output rows
user_id 7 → 2 matches

R₂ ⋈ S₂ · in RAM
build hash on R₂, probe with S₂

→ 2 output rows
user_id 13 → 2 matches

Phase 1 hashes both tables with the same function so matching user_ids always land in the same partition
number. Phase 2 joins each (Rᵢ, Sᵢ) pair independently in RAM, building a hash table on R and probing with S,
three parallelizable joins that yield 4 + 2 + 2 = 8 rows. Best-case cost is 3(N+M) + OUT (read each table,
write partitions, read them back, write the output). The worst case is hash skew, where a hot key overflows
a partition past RAM and recursive re-partitioning or a sort-merge fallback adds another pass.

Notes ↗

https://cs145.web.app/Module3-nanoDB/hash-partition-join.html#hpj-figure


M3

Sort-Merge Join: When Order
Matters

Sort-merge join sorts both tables on the join key, then scans

them in lockstep and emits matching rows for equal keys.



Sort-Merge Join: walk both sorted tables in one pass

R sorted on user_id · disk

user_id name

7 Mickey

13 Minnie

42 Pluto

99 Daffy

S sorted on user_id · disk

user_id song_id

7 100

7 200

13 100

13 200

42 100

42 300

42 400

99 500

match

match

match

match

i ▸
j ▸

Two-pointer merge
in RAM

advance the smaller
pointer, emit on

equal keys

8 output rows
streamed to disk

Sort-Merge Join, R ⋈ S on user_id (Phase 2 shown). Phase 1 (not shown) BigSorts both R and S on the join
key (see the big sort page). Phase 2 scans the two sorted runs with two pointers. Equal keys form a
matching key group, and the operator emits every pair in the group. Unequal keys advance the smaller side.
The example advances through user_id 7 → 2, 13 → 2, 42 → 3, 99 → 1, total 8 rows. A key that appears on

only one side emits nothing under inner join semantics. A key with m matches on one side and n on the
other emits the m × n cross-product for that key. The output stream stays sorted on the join key, so a
downstream operator that requires that order does not add a sort. Best case is P(R) + P(S) + OUT for one
linear scan per run, plus the two Phase-1 BigSort costs. Worst case is O(P(R) × P(S)) + OUT when one key
dominates and the merge performs a per-key cross-product. OUT can dominate when match rates are high.

Notes ↗

https://cs145.web.app/Module3-nanoDB/sort-merge-join.html#smj-figure


M3

IO Algorithms: Cost Analysis &
Intuition

The IO cost of every algorithm in this module (BigSort,

HashPartition, BNLJ, SMJ, HPJ) is a function of table size,

buffer size, and the read/write cost ratio.



The official CS145 IO equations

Notes ↗

https://cs145.web.app/Module3-nanoDB/io-algorithms.html#equations-sheet


Which join wins depends on the buffer, not the data

Songs3 100 GB ⋈ Listens3 1 TB, C_r = C_w = 1, log scale. Verified from the M3 colab.

10K

100K

1M

IO
 c

os
t (

lo
g)

B=10 B=100 B=1,000 B=10,000
buffer size B (pages)

HPJ cheapest BNLJ cheapestBNLJ 2.6M

BNLJ 18K

SMJ-best 54K

HPJ-best 54K (flat)

HPJ-best stays near 54K because partitioning does one read and one write independent of B. BNLJ drops
from 2.6M to 18K because larger B reduces rescans of the inner table. SMJ-best drops as larger initial runs
reduce merge passes. The crossover marks the point where BNLJ becomes cheaper than HPJ at this scale.
SMJ with many duplicates can rescan during merge. HPJ with heavy skew can create oversized partitions,
each up to 2 to 10x worse.

Notes ↗

https://cs145.web.app/Module3-nanoDB/io-algorithms.html#real-world-examples-choosing-the-right-join-algorithm

