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Garbage Collection Techniques



Garbage Collection Techniques: Overview
● Reference counting: 

○ Directly keeps track of live cells
○ GC takes place whenever heap block is allocated
○ Doesn’t detect all garbage

● Tracing:
○ GC takes place and identifies live cells when a request for 

memory fails
○ Mark-sweep

● Modern techniques: Generational GC



Reference Counting

● Counting the number of references to a live cell

● Requires space and time overhead to store the count and increment 
(decrement) each time a reference is added (removed)
○ Reference counts are maintained in real-time, so no “stop-and-gag” 

effect
○ Incremental garbage collection

● Unix file system uses a reference count for files
● Eg: Smart Pointers in C++: std::shared_ptr



Reference Counting - Example



Example - Kernel Reference Counting

● Adding reference counters to kernel objects
● Kernel ref counters: krefs

How do you use krefs ?

● Add a kref object to your data structure

struct my_data
{
    .
    .
    struct kref refcount;
    .
    .
};



Initialization

kref rules:
● When making a non-temporary copy of a pointer, especially if it's passed to 

another thread, increment the refcount with kref_get():

struct my_data *data;

data = kmalloc(sizeof(*data), GFP_KERNEL);
if (!data)
       return -ENOMEM;
kref_init(&data->refcount);

kref_get(&data->refcount);

Note: If you already have a valid pointer to a kref-ed structure (the refcount 
cannot go to zero) you may do this without a lock.



● When you are done with a pointer, call kref_put():
kref_put(&data->refcount, data_release);

Note: If this is the last reference to the pointer, the release routine will be 
called. If the code never tries to get a valid pointer to a kref-ed structure 
without already holding a valid pointer, it is safe to do this without a lock.

● To safely gain a reference to a kref-managed structure without a valid pointer, 
serialize access to ensure kref_put() isn't called during kref_get(), keeping the 
structure valid.



Reference Counting - Pros
● Incremental overhead

○ Cell management interleaved with program execution
○ Good for interactive or real-time computation

● Relatively easy to implement

● Can coexist with manual memory management

● Spatial locality of reference is good
○ Access pattern to virtual memory pages no worse than the program, 

so no excessive paging

● Can re-use freed cells immediately
○ If RC == 0, put back onto the free list



Reference Counting - Cons
● Space overhead

○ 1 word for the count

● Time overhead 
○ Updating a pointer to point to a new cell requires:
○ Check to ensure that it is not a self-reference
○ Decrement the count on the old cell, possibly deleting it
○ Update the pointer with the address of the new cell
○ Increment the count on the new cell

● Ref. counting and pointer load-store operations should be atomic

● Cannot reclaim cyclic data structures



Reference Counting - Cyclic Data Structures



Tracing - Mark and Sweep GC

● Each cell has a mark bit

● Garbage remains unreachable and undetected until heap is used up; 
then GC goes to work, while program execution is suspended

● Marking phase
○ Starting from the roots, set the mark bit on all live cells

● Sweep phase
○ Return all unmarked cells to the free list 
○ Reset the mark bit on all marked cells



Mark and Sweep GC (Example)



Mark and Sweep GC (Example)



Mark and Sweep GC (Example)



Mark and Sweep GC (Example)



Mark and Sweep GC - Pros and Cons
Pros:
● Handles cyclic data structures correctly
● Minimal space overhead

○ 1 bit used for marking cells may limit max values that can be stored in 
a cell (e.g., for integer cells)

Cons:
● Normal execution is suspended
● May touch all virtual memory pages

○ May lead to excessive paging if the working-set size is small and the 
heap is not all in physical memory

● Heap may fragment
○ Cache misses, page thrashing; more complex allocation



Modern Techniques - Generational GC
Observation: “Most objects die young” - Ungar (1984)

● Nested scopes are entered and exited more frequently, so temporary 
objects in a nested scope are born and die close together in time 

● Inner expressions in Scheme are younger than outer expressions, so they 
become garbage sooner 

● Divide the heap into generations, and GC the younger cells more frequently
○ Don’t have to trace all cells during a GC cycle
○ Periodically reap the “older generations”
○ Amortize the cost across generations
○ Surviving young objects promoted into old generation



Generational GC - Example



Generational GC - Example



Generational GC - Pros
● Efficiency

○ The GC efficiently collects short-lived objects, minimizing the need for 
expensive major collections.

● Reduced Pause Times
○ Minor collections in the young generation are quick and have minimal 

performance impact. Major collections in the old generation are infrequent, 
leading to shorter pause times.

● Optimized for Common Use Cases
○ Usually, most objects are short lived. Eg: Haskell: 75-95% die within 10KB, 

C: Over 50% is garbage within 10 KB, less than 10% lived longer than 
32KB



Generational GC - Cons

● Increased Complexity
○ Managing multiple memory regions (young and old generations) adds 

complexity to the GC implementation.

● Promotion Overhead
○ Frequent promotion of objects from the young to the old generation can 

increase overhead, especially if many objects are promoted prematurely.

● Fragmentation
○ The old generation may suffer from fragmentation, leading to inefficient use 

of memory and potentially higher GC costs for defragmentation.



Case Study: GC in Java



GC in Java (JVM)

● Implementation in JVM 

● Uses a collection of GC algorithms like Mark and Sweep, Generational etc.

● Uses GC roots to identify live and dead objects
○ Classes loaded by system class loader (not custom class loaders)
○ Live threads
○ Local variables and parameters of the currently executing methods
○ Objects used as a monitor for synchronization etc.

● Traverses the whole object graph in memory, starting from those GC Roots and following 
references from the roots to other objects.



Mark and Compact GC
● A variant of Mark and Sweep GC

● Occurs in three phases:
○ Mark

■ mark objects as alive 

 
○ Sweep

■ release the memory fragments associated with dead objects



Mark and Compact GC
○ Compact

■ compacts the remaining(live cells) memory together

● Reduces fragmentation
● In addition Java uses Generational GC

○ Divided into two generations:
■ Young Generation (Minor GC)

● Eden Space
● Survivor Spaces (FromSpace and ToSpace)

■ Old Generation (Major GC)



Evolution of GC in Java



Types of GC in Java
Serial GC:
● Simplest type of GC
● Stops all application threads to run GC
● Pros: simple to use, good for single threaded applications
● Cons: high pause times, not for multithreaded applications

Parallel GC:
● Designed to work with multiple threads and processors
● Pros: Better performance than Serial GC in multithreaded environments
● Cons: Still causes application pauses which can be more than serial GC



CMS (Concurrent Mark and Sweep) GC:
● Minimizes pauses by doing most of the work concurrently with appl. threads
● Pros: Good for programs with high memory requirement but strict pause time
● Cons: CPU intensive, can lead to fragmentation

G1(Garbage First)  GC (Default in current Java):
● Generational GC 
● Divides the heap into regions 
● Prioritizes collections of regions containing most garbage
● Pros: Suitable for large heaps, minimizes pause times, compacts free 

spaces without lengthy pauses
● Cons:  Can be more CPU intensive, not suitable for programs with less than 

50% heap usage



Epsilon GC (No-op GC):
● Handles memory allocation but has no reclamation mechanism
● Once Java heap is used up, JVM shut down
● Pros: Used for Ultra-low-latency systems with known memory footprint
● Cons: No reclamation leading to OutOfMemoryErrors

Shenandoah:
● G1 GC on steroids
● Can concurrently relocate objects with application (G1 could not do that)
● Pros: Suitable for programs with large heap and minimum pause times

ZGC:
● Extremely low pause times
● Pros: For ultra low latency systems (less than 10ms of pause) and high 

memory based systems (Multi terabytes)
● Cons: More CPU intensive



Drawbacks of GC
Problems with automatic garbage collection:

● Unpredictable Performance:
○ GC pauses the program at any point

● Scalability:
○ As heap sizes increase, performance drops

● Heavy Resource Usage:
○ GC-languages tend to use 10X more memory than non-GC languages

● Degraded performance:
○ GC scan the entire heap which takes time as well as contaminates the cache

Interesting Point: Discord moved from Go to Rust for its degraded performance 
due to GC (Read more: Link)

https://discord.com/blog/why-discord-is-switching-from-go-to-rust


Solution?



Solutions:

● Use Rust
○ Rust has a unique memory ownership transfer model
○ Similar to move semantics in C++ but it is present by default

Example:

fn main() {
    let a = String::from("hello");
    let b = a; // copy the value a into b (This transfers ownership, a is 
unusable now)
    println!("{}", a) // This will throw an error because a has been moved or 
ownership has been transferred
    println!("{}", b) // hello
}



Rule 1: Every Toy Has ONE Owner

🧸👦
Just like a toy box, in Rust every toy
can only belong to ONE kid at a 
time.

let toy = TeddyBear;
// You own the teddy bear!
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😢
empty hands
(toy is gone!)

➡🧸
😄

friend has it now!

If you hand your teddy bear to a 
friend, YOU
don't have it anymore. Only your 
friend does.
No fighting over the same toy — 
ever.

let mine = toy;
let friends = mine;
// 'mine' is empty now!

3

Rule 2: Give It Away, It's Gone From You



🤖 🧸➡📦
The second you leave the room 
and stop
playing, a little robot puts your 
toy away —
RIGHT THEN. No mess left on the 
floor, ever.

fn playtime() {  let toy = TeddyBear;  }
// robot puts it away the instant you leave  

4

Rule 3: The Tidy Robot Cleans Up Instantly



🧚
🧸🧸🧸  (toys piling up on the floor)

Some toy rooms have a cleanup fairy who
comes by whenever SHE feels like it.

Toys sit around messy till she's ready.

🤖
✨ (clean floor, always)

Rust's little robot never makes you wait.
It tidies up the SECOND you're done —

every single time.

5

Other Rooms Wait for a Cleanup Fairy



🧸
👀        👀        👀
Lots of kids can LOOK at once —

looking never breaks a toy!

You don't always want to OWN a toy —
sometimes you just want to look at it or
play with it a little, then give it right 
back.
That's called borrowing.

fn look_at(toy: &TeddyBear) { ... }
// see it, then give it right back
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Rule 4: Borrowing — Just Lookingx



✋🧸
One kid changes it (plays rough) —

everyone else has to wait.

If someone's changing the toy — 
squishing
it, painting it, pulling its arm — NOBODY
else can even look at it until they finish.

This is how toys never get broken by two
kids yanking on them at the same time!
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But Only ONE Kid Plays Rough at a Time



🧸 🏷 2 owners 👦 👧 Two siblings, one stuffed animal — 
a sticker
counts how many kids hold it.

Sometimes you really want TWO kids to own the same toy together.
Rust has a special sticker for that — it's called Rc ("reference count").

let toy = Rc::new(TeddyBear);   // sticker says "1 owner"
let toy2 = toy.clone();         // sticker now says "2 owners"
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Rule 5: Some Toys Are Truly Shared



🏷2

🧸 ➡
🏷1

🧸
(one kid let go)

➡
🏷0

📦
poof! robot
puts it away

The toy only goes back in 
the box when the
LAST kid holding it finally 
lets go — the
sticker counts down, and at 
zero, the robot
tidies it away.
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The Toy Waits for the LAST Kid to Let Go



💥
Grabbing a toy

already put away

"use-after-free"

💥
Two kids both put

the SAME toy away

"double free"

🗑
A toy left on the

floor forever

"memory leak"

A strict teacher (the "borrow checker") checks ALL the rules before
playtime even starts — so none of this can ever happen mid-game.

10

Why So Strict? No Toy-Room Accidents!



● Use C++ smart pointers like std::unique_ptr, 
std::shared_ptr etc.
Example:

#include <iostream>
#include <memory>

struct Person{
    std::string name;
    int age;
    
    Person(std::string _name, int _age): 
name(_name), age(_age) {}
};

int main() {
    std::unique_ptr<Person> p = new 
Person("John", 20);

    // Perform some tasks
    //  No memory leak
    return 0;
}

#include <iostream>

struct Person{
    std::string name;
    int age;
    
    Person(std::string _name, int _age): 
name(_name), age(_age) {}
};

int main() {
    Person *p = new Person("John", 20);
    
    // Perform some tasks
    // Memory leak as p is not freed
    return 0;
}

To know more, read: Link1, Link2, Link3, CppCon video

https://www.learncpp.com/cpp-tutorial/introduction-to-smart-pointers-move-semantics/
https://www.learncpp.com/cpp-tutorial/stdunique_ptr/
https://www.learncpp.com/cpp-tutorial/stdshared_ptr/
https://www.youtube.com/watch?v=sQCSX7vmmKY


Still want to use GC?



How to decide which GC to use?

Criteria Comments

Heap Size G1, ZGC and Shenandoah can handle large heap size

Pause time 
For strict pause time requirements, use G1, CMS, ZGC 
or Shenandoah

Throughput Parallel GC for maximizing throughput

Memory Overhead ZGC and Shenandoah can consume more memory

CPU overhead
ZGC and Shenandoah consume more memory than 
others
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but why GC? Still. 



When people use GC
● Developer productivity / velocity matters more than micro-optimized memory

○ GC eliminates entire classes of bugs — use-after-free, double-free, dangling pointers — 
without requiring the programmer to think about it at all.

● Complex, cyclic, or graph-like data structures
○ Ownership models (Rust) and reference counting (C++ shared_ptr) both struggle with 

cycles – UI frameworks, Graph algorithms, Compilers/interpreters
● Dynamic, interpreted, or JIT'd languages

○ Languages like Python, JavaScript, Ruby
○ types and object graphs are determined at runtime, borrow checker runs in compile time

● Team scalability / less "expert-only" code
○ Manual memory management (and to an extent Rust's borrow checker) requires every 

contributor to reason carefully about lifetimes
○ If not, Bug



When people NOT use GC
● Hard real-time systems 

○ GC pause, even 1ms, can violate deadlines (embedded, avionics, audio DSP)
● OS kernels, drivers 

○ no runtime to host a GC at all
● Systems where memory footprint is critical 

○ GC needs extra headroom (often 2-3x live heap) to run efficiently
● Predictable latency at the tail 

○ even "low pause" GCs have occasional worse-case spikes
○ Rust give you deterministic destruction (Cost?)


