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@ This is a sub-FLIP for the disaggregated state management and its related work, please read the FLIP-423 first to know the whole story.

Motivation

Currently, in Flink, each task processes elements sequentially within a single thread, which includes accessing the state. When employing a local disk-
based state backend, accessing the state often entails 1/0O operations, which are markedly slower than CPU computations, making the stateful operator
easily become a bottleneck of the whole job. For several years, users have frequently sought advice on performance issues related to stateful operators,
particularly in jobs that manage a large state. I/O latency is the primary contributor to these issues, and it also prevents the task thread from fully exploiting
CPU resources. Scaling out by increasing parallelism can mitigate the issue and enhance overall throughput, yet this approach demands additional
resources, notably CPU and memory —— resources that are not the actual bottleneck.

To maximize /O capacity utilization and enhance the use of pre-allocated computational resources, this FLIP proposes the introduction of asynchronous
state APIs. These APIs permit state access to be executed in threads separate from the task thread, returning the result when available. Consequently, the
task thread can process another element while awaiting multiple pending state results. This enables concurrent processing of multiple records, ensuring
that the latency of individual I/O operations no longer has a direct impact on job performance. This approach is particularly advantageous in scenarios
where 1/0 bandwidth is underutilized and I/O latency is the limiting factor. The Disaggregated Storage Architecture, as discussed in FLIP-423, is a prime
example of a scenario characterized by abundant and easily scalable /0 bandwidth coupled with higher I/O latency. The asynchronous state APIs hold
great promise for significantly enhancing Flink's performance when dealing with disaggregated state.

Public Interfaces

All asynchronous state APls employ the newly introduced Future class as their return type. We choose a new Future class instead of CompletableFuture
for the following reasons:

* CompletableFuture offers robust features, including the ability for users to designate the executor for a callback. In contrast, we advocate for
executing callbacks within the task thread (as outlined in FLIP-425) and aim to abstract these intricacies away from the user.

® Prior to executing a callback, a context switch is required, a process that will be seamlessly integrated within the implementation of the new
Future class.

The challenges for asynchronous execution will be discussed in FLIP-425. While in this FLIP, we focus on the definition of the APIs.

A new set of APIs and interface classes are proposed, offering both synchronous APl and asynchronous counterpart for state access. For async
interfaces that yield a collection of elements, an iterator is provided to facilitate asynchronous loading of the elements. The new API set is named "State
API V2" residing under the package path 'org.apache.flink.api.common.state.v2' and the f | i nk- cor e- api module. They work closely with the
Datastream API V2 and are annotated with @Experimental in first few versions, and will be promoted to @PublicEvolving alongside the DataStream API
V2. The synchronous APIs are basically identical with the original ones, thus we only discuss the new asynchronous part only.

StateFuture & FutureUtils
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St at eFut ur e provides selected subset of functions in Conpl et abl eFut ur e . The implementation will encapsulate a Conpl et abl eFut ur e to do the
actual work.

StateFuture

@Publ i cEvol ving
public interface StateFuture<T> {
/**
* Returns a new StateFuture that, when this future conpletes
* normally, is executed with this future's result as the argunent
* to the supplied function.

* @aramfn the function to use to conpute the val ue of

* the returned StateFuture

* @aram <U> the function's return type

* @eturn the new StateFuture

*/

<U> St at eFuture<U> thenAppl y(Function<? super T,? extends U> fn);

/**

* Returns a new StateFuture that, when this future conpletes

* normally, is executed with this future's result as the argunent
* to the supplied action.

* @aramaction the action to perform before conpleting the
* returned StateFuture

* @eturn the new StateFuture

*/

St at eFut ur e<Voi d> t henAccept (Consuner <? super T> action);

/**
* Returns a new future that, when this future conpletes nornally,
* is executed with this future as the argunent to the supplied function.
*
* @aramaction the action to perform
* @eturn the new StateFuture
*/
<U> St at eFut ur e<U> t henConpose(
Function<? super T, ? extends StateFuture<U>> action);

* Returns a new StateFuture that, when this and the other
* given future both conplete normally, is executed with the two
* results as argunments to the supplied function.

* @aram other the other StateFuture

* @aramfn the function to use to conpute the val ue of
* the returned StateFuture

* @aram <U> the type of the other StateFuture's result
* @aram <V> the function's return type

* @eturn the new StateFuture

*/

<U, V> St at eFut ur e<V> t henConbi ne

(St at eFut ure<? extends U> ot her,

Bi Functi on<? super T,? super U, ? extends V> fn);

And some utilities as follows:



FutureUtils

@,ubl i cEvol ving
public class StateFutureUtils {
/**
* Returns a conpleted future that does nothing and return null.
*/
public static <V> StateFuture<V> conpl et edVoi dFuture() {
Il XXX

}

/** Returns a conpleted future that does nothing and return provided result. */
public static <V> StateFuture<V> conpl etedFuture(V result) {
11 xxx

}

| **

* Creates a future that is conplete once multiple other futures conpleted. Upon successful
* conpletion, the future returns the collection of the futures' results.

*

* @aram futures The futures that make up the conjunction. No null entries are allowed,

* otherwi se a |1 egal Argument Exception will be thrown.
* @eturn The StateFuture that conpletes once all given futures are conplete.
*/

public static <T> StateFuture<Collection<T>> conbi neAll (
Col | ection<? extends StateFuture<? extends T>> futures) {
/'] XXX

Statelterator

Asynchronous iterators allow to iterate over data that comes asynchronously, on-demand.

Statelterator

@Publ i cEvol vi ng
public interface Statelterator<T> {
/**
* Async iterate the data and call the callback when data is ready.
* @aramiterating the data action when it is ready. The return is the state future for
* chai ni ng.
* @aram <U> the type of the inner returned StateFuture's result
* @eturn the Future that will trigger when this iterator and all returned state future get its
* results.
*/
<U> St at eFut ure<Col | ecti on<U>> onNext (Functi on<T, StateFuture<? extends U>> iterating);

/*-k

* Async iterate the data and call the callback when data is ready.
* @aramiterating the data action when it is ready

* @eturn the Future that will trigger when this iterator ends.

*/

St at eFut ur e<Voi d> onNext ( Consuner <T> iterating);

/** Return if this iterator is enpty synchronously. */
bool ean i sEnpty();

State



Base class for all state definitions:

State

@;ubl i cEvol vi ng
public interface State {

/** Renoves the val ue mapped under the current key. */
St at eFut ur e<Voi d> asyncd ear () ;

ValueState

ValueState

@Publ i cEvol ving
public interface Val ueState<T> extends State {
/**
* Returns the current value for the state asynchronously. Wen the state is not partitioned the
* returned value is the sane for all inputs in a given operator instance. If state partitioning
* is applied, the value returned depends on the current operator input, as the operator maintains
* an i ndependent state for each partition. When no val ue was previously set using {@ink #asyncUpdate
(Qoj ect) },
* this will return {@ode null} asynchronously.
*
* @eturn The {@ink StateFuture} that will return the value corresponding to the current input.
*/
St at eFut ur e<T> asyncVal ue();

* Updates the operator state accessible by {@ink #asyncValue()} to the given value. The next tinme
* {@ink #asyncValue()} is called (for the sane state partition) the returned state will represent
* the updated value. Wien a partitioned state is updated with {@ode null}, the state for the

* current key will be renoved.

* @aram val ue The new value for the state.

* @eturn The {@ink StateFuture} that will trigger the callback when update finishes.
*/

St at eFut ur e<Voi d> asyncUpdat e(T val ue);

ListState



ListState

@,ubl i cEvol ving
public interface ListState<T> extends State {

/**

* Returns the current iterator for the state asynchronously. Wen the state is not partitioned the
* returned value is the same for all inputs in a given operator instance. If state partitioning

* is applied, the value returned depends on the current operator input, as the operator maintains
* an i ndependent state for each partition. This nethod will never return (@ode null).

* @eturn The {@ink StateFuture} that will return list iterator corresponding to the current input.
*/
St at eFut ure<Statel terator<T>> asyncGet ();

* Updates the operator state accessible by {@ink #asyncGet()} by adding the given value to the |ist
* of values. The next time {@ink #asyncGet()} is called (for the same state partition) the returned
* state will represent the updated list.

* <p> Null is not allowed to be passed in

* @aram val ue The new val ue for the state.

* @eturn The {@ink StateFuture} that will trigger the call back when update finishes.
*/

St at eFut ur e<Voi d> asyncAdd(T val ue);

* Updates the operator state accessible by {@ink #asyncGet()} by updating existing values to the
* given list of values. The next time {@ink #asyncCet()} is called (for the sane state partition)
* the returned state will represent the updated list.

* <p> Null value passed in or any null value in list is not allowed.

* @aram val ues The new value list for the state.

* @eturn The {@ink StateFuture} that will trigger the callback when update finishes.
*/

St at eFut ur e<Voi d> asyncUpdat e( Li st <T> val ues);

* Updates the operator state accessible by {@ink #asyncGet()} by adding the given values to the |ist
* of values. The next time {@ink #asyncGet()} is called (for the same state partition) the returned
* state will represent the updated |ist.

* <p> Null value passed in or any null value in list is not allowed.
* @aram val ues The new values to add for the state.
* @eturn The {@ink StateFuture} that will trigger the call back when update finishes.

*/
St at eFut ur e<Voi d> asyncAddAl | (Li st <T> val ues);

MapState

MapState

@rubl i cEvol vi ng
public interface MapState<UK, Uv> extends State {

* Returns the current value associated with the given key asynchronously. Wen the state is
* not partitioned the returned value is the same for all inputs in a given operator instance.
* |f state partitioning is applied, the value returned depends on the current operator input,
* as the operator maintains an independent state for each partition.

* @eturn The {@ink StateFuture} that will return value corresponding to the current input.



*/
St at eFut ur e<UV> asyncGCet (UK key);

* Update the current value associated with the given key asynchronously. Wen the state is
* not partitioned the value is updated for all inputs in a given operator instance.

* |f state partitioning is applied, the updated val ue depends on the current operator input,
* as the operator maintains an independent state for each partition.

* @aram key The key that will be updated.

* @aram val ue The new val ue for the key.

* @eturn The {@ink StateFuture} that will trigger the call back when update finishes.
*/

St at eFut ur e<Voi d> asyncPut (UK key, WV val ue);

* Update all of the nmappings fromthe given map into the state asynchronously. Wen the state is
* not partitioned the value is updated for all inputs in a given operator instance.

* |f state partitioning is applied, the updated nappi ng depends on the current operator input,

* as the operator maintains an independent state for each partition.

* @aram map The mappings to be stored in this state.

* @eturn The {@ink StateFuture} that will trigger the call back when update finishes.
*/

St at eFut ur e<Voi d> asyncPut Al | ( Map<UK, WW> map);

* Delete the mapping of the given key fromthe state asynchronously. Wen the state is

* not partitioned the deleted value is the same for all inputs in a given operator instance.
* |f state partitioning is applied, the value del eted depends on the current operator input,
* as the operator maintains an independent state for each partition.

* @aram key The key of the mapping.

* @eturn The {@ink StateFuture} that will trigger the call back when update finishes.
*/

St at eFut ur e<Voi d> asyncRenmove( UK key);

* Returns whether there exists the given mappi ng asynchronously. Wen the state is

* not partitioned the returned value is the same for all inputs in a given operator instance.
* |f state partitioning is applied, the value returned depends on the current operator input,
* as the operator maintains an independent state for each partition.

* @aram key The key of the mapping.

* @eturn The {@ink StateFuture} that will return true if there exists a nappi ng whose key
* equals to the given key

*/

St at eFut ur e<Bool ean> asyncCont ai ns( UK key) ;

/**

* Returns the current iterator for all the mappings of this state asynchronously. Wen the state

* is not partitioned the returned iterator is the same for all inputs in a given operator instance.

* |f state partitioning is applied, the iterator returned depends on the current operator input,

* as the operator maintains an independent state for each partition.

*

* @eturn The {@ink StateFuture} that will return napping iterator corresponding to the current input.
*

/

St at eFut ur e<St at el t er at or <Map. Entry<UK, UV>>> asyncEntries();

/*-k

* Returns the current iterator for all the keys of this state asynchronously. Wen the state

* is not partitioned the returned iterator is the sane for all inputs in a given operator instance.
* |f state partitioning is applied, the iterator returned depends on the current operator input,

* as the operator maintains an independent state for each partition.

*

* @eturn The {@ink StateFuture} that will return key iterator corresponding to the current input.
*/

St at eFut ur e<St at el t er at or <UK>> asyncKeys();

| **

* Returns the current iterator for all the values of this state asynchronously. Wen the state



* is not partitioned the returned iterator is the same for all inputs in a given operator instance.

* |f state partitioning is applied, the iterator returned depends on the current operator input,

* as the operator maintains an independent state for each partition.

*

* @eturn The {@ink StateFuture} that will return value iterator corresponding to the current input.
*

/

St at eFut ur e<St at el t er at or <UV>> asyncVal ues();

* Returns whether this state contains no key-val ue nmappi ngs asynchronously. Wen the state is
* not partitioned the returned value is the sane for all inputs in a given operator instance.
* |f state partitioning is applied, the value returned depends on the current operator input,
* as the operator maintains an independent state for each partition.

* @eturn The {@ink StateFuture} that will return true if there is no key-val ue mappi ng, otherw se fal se.
*/
St at eFut ur e<Bool ean> asyncl sEnpty();

Code Example

Such usage in the following example code in pr ocessEl enent is an intermediate step. And as such it will be used for development and PoC
purposes only. The long term solution will be discussed later.

To leverage asynchronous state APIs, users should change their code accordingly:

® For Table APl & SQL users: No change.
® For DataStream APl users or Table API & SQL developers:

Given a case that two streams join. Stream A is inner while Stream B is outer. Both streams have unique key. The join key contains Stream A's unique
key but not B's unique key. When there is a record from Stream A coming, the code using old State APIs will be:

Synchronous state API (current)

private final Val ueState<RowData> aStat e;
private final MapState<RowData, Tuple2<RowData, |nteger>> bState;
private final KeySel ector<RowData, RowData> uni queKeySel ector;

public void processEl ement 1( StreanRecor d<RowDat a> el enent) throws Exception {
RowDat a i nput = el enent . get Val ue();
bool ean i sAccunul at eMsg = RowbDat aUtil .i sAccunul at eMsg(i nput);
if (isAccumul ateMsg) {
for (Tupl e2<RowData, |nteger> value : bState.values()) {
if (joinCondition.apply(input, value.f0)) {
out put (i nput, value.f0);
RowDat a key = uni queKeySel ect or. get Key(val ue. f0);
bSt at e. put (key, Tupl e2. of (value.f0, value.f1 + 1));
}
}
aSt at e. updat e(i nput);
} else {
/1 omt retraction

}

And the code using new State APIs will be:



New APIs usage

private final Val ueState<RowData> aStat e;
private final MapState<RowData, Tuple2<RowData, |nteger>> bState;
private final KeySel ector<RowData, RowData> uni queKeySel ector;

public void processEl ement 1( St reanRecor d<RowDat a> el enent) throws Exception {
RowDat a i nput = el enent . get Val ue();
bool ean i sAccunul at eMsg = RowbDat aUtil.i sAccunul at eMsg(i nput);
if (isAccunul ateMsg) {
bSt at e. asyncVal ues() .t henConpose((iterator) -> {
return iterator.onHasNext ((value) -> {
/1 value is Tupl e2<RowDat a, | nteger>
if (joinCondition.apply(input, value.f0)) {
out put (i nput, value.f0);
RowDat a key = uni queKeySel ect or. get Key(val ue. f0);
return bState. asyncPut (key, Tuple2.of (value.f0O, value.f1 + 1));
} else {
return FutureUtils. enptyFuture();
}
IOF
}).thenAccept((e) -> {
return aState. asyncUpdat e(i nput);

IOF

/1 or just:

/] aState.asyncUpdate(input);
} else {

/1l omt retraction

}

The state APIs described above are flexible and allowing user to define the execution order as wished. By providing a callback via t henAppl y , t henConp
ose ort henConbi ne of a StateFuture, user could easily assemble their tasks using multiple code segments. The interface and functionality of St at eFut
ur e mirror those of Conpl et abl eFut ur e , which is extensively adopted and proven to be complete and powerful enough.

Internal APIs and implementations

The original state-related internal APIs and implementation are designed based on single-thread execution model, so they may be not suitable for new
execution model where multiple state requests are on going. For example, the KeyedStateBackend holds the key context and the internal states hold the
namespaces. It is better not to provide these context-related methods in global instances. Thus we will add new interface classes and implementations as
needed, and left the old ones untouched. This FLIP will not list them in detail as we cannot predict all situations until we finished our implementations.

Compatibility, Deprecation, and Migration Plan

The newly introduced APlIs are designed to provide synchronous and asynchronous APIs. The code path for the new APIs is completely independent from
the original one. We strongly recommend that users stick to either the synchronous APIs or asynchronous APIs exclusively, rather than mixing their usage.
Although using both the asynchronous and synchronous APIs simultaneously won't cause compatibility issues, it may lead to suboptimal performance. The
synchronous API can block the task thread until its execution is complete, potentially resulting in a performance regression when compared to using the
asynchronous state calls exclusively. But still, the mixed usage could out-perform the sync APIs usage only, a code example is:



bSt at e. asyncVal ues().thenApply((iterator) -> {
iterator.onHasNext ((value) -> {
if (joinCondition.apply(input, value.f0)) {
out put (i nput, value.f0);
RowDat a key = uni queKeySel ect or. get Key(val ue. f0);
bSt at e. put (key, Tupl e2.of (value.f0O, value.f1 + 1));

1)
b
aSt at e. updat e(i nput);

While the updat e or put is sync state access, the state iteration is executed asynchronously. The update and put are relatively lightweight methods
compared with the iteration, so they won't block too much the asynchronous pipeline and the job could perform better than pure synchronous execution.
Compared with the example of stream join using pure asynchronous APIs, the mixed usage like this cannot totally compete with the asynchronous one in
performance, but it is much more easier to use, especially for those users who are not familiar with writing asynchronous programs and want to migrate
their job from Flink 1.x to 2.0. We plan to allow the mixed usage considering user-friendliness, but warn them about the performance concern in runtime.

The original APIs, will be deprecated alongside the DataStream V1 APIs after Flink 2.0, we will discuss this in future.

Test Plan

New UT/ITs will be introduced for asynchronous APIs. New E2E tests of jobs using asynchronous state APIs will also be delivered.

Rejected Alternatives

® Batch State APIs: The core idea is to batch the elements first, and user should write code processing a batch of elements and accessing the
state with a batch of keys.

© Pros:

" The state execution is more simpler, no mixed updates and gets should be categorized.
" | ess intermediated memory consumption. There is only one callback and context for a batch of state access.

© Cons:
® Complicated user code with batch processing.

" Expose Key Context to user.
" The state iterator for a batch of keys is hard to understand and difficult to use.
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