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Evidence-passing Algebraic Effects for Elixir.
Skuld is a clean, efficient implementation of Algebraic Effects using evidence-passing
style with CPS (continuation-passing style) for control effects. It provides scoped
handlers, composable effect stacks, and a library of useful effects.
Algebraic effects add an architectural layer between pure and side-effecting code:
instead of just pure functions and side-effecting functions, you have pure functions,
effectful functions, and side-effecting handlers. Domain code is written with effects
but remains pure - the same code runs with test handlers (pure, in-memory) or
production handlers (real I/O). This enables clean separation of concerns,
property-based testing, and effect logging for resume and replay.
Skuld's library of effects aims to provide primitives broad enough that most domain
computations can use effectful operations instead of side-effecting ones. Here are
some common side-effecting operations and their effectful equivalents:
	Side-effecting operation	Effectful equivalent
	Configuration / environment	Reader
	Process dictionary	State, Writer
	Random values	Random
	Generating IDs (UUIDs)	Fresh
	Concurrent fibers / streaming	FiberPool, Channel, Brook
	Run effects from LiveView	AsyncComputation
	Database transactions	DBTransaction
	Blocking calls to external code	Port
	Ecto Repo operations	ChangesetPersist
	Decider pattern	Command, EventAccumulator
	Tracing, replay & resume	EffectLogger
	Raising exceptions	Throw
	Resource cleanup (try/finally)	Bracket
	Control flow	Yield
	Lists of effectful computations	FxList, FxFasterList
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Features
	Evidence-passing style: Handlers are looked up directly from a map in the
dynamic environment
	CPS for control effects: Enables proper support for control flow effects
like Yield and Throw
	Scoped handlers: Handlers are automatically installed/restored with proper
cleanup
	Composable: Multiple effects can be stacked and composed naturally
	Single type: Single unified computation type and comp macro for all
effectful code - ideal for dynamic languages
	Auto-lifting: Plain values are automatically lifted to computations,
enabling ergonomic patterns like if without else and implicit final returns

Installation
Add skuld to your list of dependencies in mix.exs (see the Hex package for the current version):
def deps do
  [
    {:skuld, "~> x.y"}
  ]
end
Demo Application
See TodosMcp - a
voice-controllable todo application built with Skuld. It demonstrates how
command/query structs combined with algebraic effects enable trivial LLM
integration and property-based testing. Try it live at
https://todos-mcp-lu6h.onrender.com/
Quick Start
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{State, Reader, Writer, Throw, Yield}

# Define a computation using the comp macro
defmodule Example do
  defcomp example() do
    # Read from Reader effect
    config <- Reader.ask()

    # Get and update State
    count <- State.get()
    _ <- State.put(count + 1)

    # Write to Writer effect
    _ <- Writer.tell("processed item #{count}")

    {config, count}  # final expression auto-lifted (no return needed)
  end
end

# Run with handlers installed
Example.example()
  |> Reader.with_handler(:my_config)
  |> State.with_handler(0, output: fn r, st -> {r, {:final_state, st}} end)
  |> Writer.with_handler([], output: fn r, w -> {r, {:log, w}} end)
  |> Comp.run!()

#=> {{{:my_config, 0}, {:final_state, 1}}, {:log, ["processed item 0"]}}
Computations
The Computation Type
In Skuld, a computation is a suspended effectful program - a lazy description of
work that only executes when explicitly run. This is fundamentally different from
eager evaluation where calling a function immediately performs its side effects.
# This doesn't run anything yet - it returns a computation
computation = comp do
  count <- State.get()
  _ <- State.put(count + 1)
  count
end

# The computation is just data until we run it
computation
|> State.with_handler(0)
|> Comp.run!()
#=> {0, %{}}
This lazy evaluation enables powerful patterns:
	Composition: Build complex computations from simpler ones
	Handler installation: Add effect handlers before execution
	Reuse: Run the same computation multiple times with different handlers
	Testing: Use test handlers (pure, in-memory) with production code

Running Computations
Skuld provides two functions for running computations:
Comp.run!/1 - Runs a computation, extracting just the result value:
State.get()
|> State.with_handler(42)
|> Comp.run!()
#=> {42, %{}}
Comp.run/1 - Runs a computation, returning both the result and the final environment:
{result, env} = State.get()
|> State.with_handler(42)
|> Comp.run()
#=> {%Skuld.Comp.Done{value: {42, %{}}}, %{...}}
Use Comp.run/1 when you need access to the environment after execution, or when
working with suspendable computations (like those using Yield).
Cancelling Suspended Computations
A computation can suspend (via Yield or other control effects), returning a
%Suspend{} struct instead of completing. Unlike, say, JavaScript Promises (which
cannot be cancelled), Skuld computations support cancellation with guaranteed
cleanup - the leave_scope chain runs, allowing effects to release resources
(close connections, release locks, etc.):
alias Skuld.Comp
alias Skuld.Comp.{Suspend, Cancelled}

# A computation with scoped cleanup
computation =
  Yield.yield(:waiting)
  |> Comp.scoped(fn env ->
    IO.puts("Entering scope")
    finally_k = fn result, e ->
      IO.puts("Cleanup called with: #{inspect(result.__struct__)}")
      {result, e}
    end
    {env, finally_k}
  end)
  |> Yield.with_handler()

# Run until suspension
{%Suspend{value: :waiting} = suspend, env} = Comp.run(computation)
# Prints: Entering scope

# Cancel instead of resuming - triggers cleanup
{%Cancelled{reason: :user_cancelled}, _final_env} =
  Comp.cancel(suspend, env, :user_cancelled)
# Prints: Cleanup called with: Skuld.Comp.Cancelled
The Comp.cancel/3 function:
	Creates a %Cancelled{reason: reason} result
	Invokes the leave_scope chain for proper effect cleanup
	Returns {%Cancelled{}, final_env}

This is used internally by AsyncComputation.cancel/1 and Yield.run_with_driver/2
(via {:cancel, reason} driver return) to ensure effects can clean up when
computations are cancelled.
Syntax
The comp macro is the primary way to write effectful code in Skuld. It provides
a clean syntax for sequencing effectful operations, handling failures, and locally
intercepting effects.
The comp Block
A comp block sequences effectful operations, similar to Haskell's do notation
or F#'s computation expressions:
comp do
  # Sequence of expressions
  x <- effect_operation()
  y = pure_computation(x)
  another_effect(y)
end
The block returns a computation - a suspended effectful program that only
executes when run with Comp.run!/1 or Comp.run/1. This lazy evaluation
enables composition and handler installation before execution.
Effectful Binds and Pure Matches
The comp block supports two binding forms:
Effectful bind (<-) - Extracts the result of an effectful computation:
comp do
  count <- State.get()        # Run State.get effect, bind result to count
  name <- Reader.ask()        # Run Reader.ask effect, bind result to name
  {count, name}
end
Pure match (=) - Standard Elixir pattern matching on pure values:
comp do
  data <- fetch_data()
  %{name: name, age: age} = data    # Pure destructuring
  formatted = "#{name} (#{age})"    # Pure computation
  formatted
end
Both forms support pattern matching. Match failures from either form can be
handled by the else clause, which receives the unmatched value.
Auto-Lifting
Plain values are automatically lifted to computations, enabling ergonomic patterns:
comp do
  x <- State.get()
  x * 2                           # Plain value auto-lifted to Comp.pure(x * 2)
end

comp do
  _ <- if should_log?, do: Writer.tell("logging")   # nil auto-lifted when false
  :done
end
This means you can use if without else, cond, case, and other Elixir
constructs naturally - any non-computation value becomes Comp.pure(value).
The else Clause
The else clause handles pattern match failures in <- bindings, similar to
Elixir's with expression:
comp do
  {:ok, user} <- fetch_user(id)
  {:ok, profile} <- fetch_profile(user.id)
  {user, profile}
else
  {:error, :not_found} -> {:error, "User not found"}
  {:error, :profile_missing} -> {:error, "Profile not found"}
  other -> {:error, {:unexpected, other}}
end
|> Throw.with_handler()
|> Comp.run!()
When a <- binding fails to match, the unmatched value is passed to the else
clauses. Without an else clause, match failures throw a %MatchFailed{} error.
Note: The else clause uses the Throw effect internally, so you need a
Throw handler installed.
The catch Clause
The catch clause installs scoped effect interceptors using tagged patterns
{Module, pattern}. This provides local handling of effects like Throw and Yield:
Catching throws:
comp do
  result <- risky_operation()
  process(result)
catch
  {Throw, :timeout} -> {:error, :timed_out}
  {Throw, {:validation, reason}} -> {:error, {:invalid, reason}}
  {Throw, err} -> Throw.throw({:wrapped, err})   # Re-throw with context
end
Intercepting yields:
comp do
  config <- Yield.yield(:need_config)
  process(config)
catch
  {Yield, :need_config} -> return(%{default: true})
  {Yield, other} -> Yield.yield(other)           # Re-yield unhandled
end
Combining multiple effects:
comp do
  config <- Yield.yield(:get_config)
  result <- might_fail(config)
  result
catch
  {Yield, :get_config} -> return(load_default_config())
  {Throw, :recoverable} -> return(:fallback)
  {Throw, err} -> Throw.throw(err)
end
The catch clause desugars to calls to Module.intercept/2:
	{Throw, pattern} → Throw.catch_error/2
	{Yield, pattern} → Yield.respond/2

Composition order: Consecutive same-module clauses are grouped into one
handler. Each time the module changes, a new interceptor layer is added. First
group is innermost, last group is outermost:
catch
  {Throw, :a} -> ...   # ─┐ group 1 (inner)
  {Throw, :b} -> ...   # ─┘
  {Yield, :x} -> ...   # ─── group 2 (middle)
  {Throw, :c} -> ...   # ─── group 3 (outer)
This gives you full control over interception layering - a throw from the Yield
handler in group 2 would be caught by group 3, not group 1.
Default re-dispatch: Patterns without a catch-all automatically re-dispatch
unhandled values (re-throw for Throw, re-yield for Yield).
Handler Installation via Catch
In addition to interception with {Module, pattern}, the catch clause supports
handler installation using bare module patterns. This provides an alternative
to piping with |> Module.with_handler(...):
comp do
  x <- State.get()
  config <- Reader.ask()
  {x, config}
catch
  State -> 0                    # Install State handler with initial value 0
  Reader -> %{timeout: 5000}    # Install Reader handler with config value
end
|> Comp.run!()
#=> {0, %{timeout: 5000}}
Syntax distinction:
	{Module, pattern} -> body = interception (calls Module.intercept/2)
	Module -> config = installation (calls Module.__handle__/2)

This syntax reduces cognitive dissonance by keeping handler installation "inside"
the computation block. It's especially useful when the handler config is computed
or when you want handlers closer to their usage:
comp do
  id <- Fresh.fresh_uuid()
  _ <- Writer.tell("Generated: #{id}")
  id
catch
  Fresh -> :uuid7              # Use UUID7 handler
  Writer -> []                 # Start with empty log
end
Mixed interception and installation work together:
comp do
  result <- risky_operation()
  result
catch
  {Throw, :recoverable} -> {:ok, :fallback}  # Interception
  State -> 0                                   # Installation
  Throw -> nil                                 # Installation (no config needed)
end
Supported effects: All built-in effects implement __handle__/2. See each
effect's module documentation for the config format it accepts.
Combining else and catch
Both clauses can be used together. The else must come before catch:
comp do
  {:ok, x} <- might_fail_or_mismatch()
  x * 2
else
  {:error, reason} -> {:match_failed, reason}
catch
  {Throw, err} -> {:caught_throw, err}
end
The semantic ordering is catch(else(body)):
	else handles pattern match failures from <- bindings
	catch wraps the else-handled computation, catching throws from both

defcomp
For defining named effectful functions, use defcomp:
defmodule MyDomain do
  use Skuld.Syntax

  defcomp fetch_user_data(user_id) do
    user <- Port.request(Users, :find, id: user_id)
    profile <- Port.request(Profiles, :find, user_id: user_id)
    {user, profile}
  end
end
This is equivalent to def fetch_user_data(user_id), do: comp do ... end.
Debugging
Skuld preserves stacktraces and exception types, so debugging feels natural. When
something goes wrong, you see your source file and line number at the top of the
stacktrace, just like regular Elixir code.
Elixir Exceptions in Computations
When Elixir's raise, throw, or exit occurs inside a computation, Skuld captures
the original exception with its stacktrace. If you use Comp.run!/1, the original
exception is re-raised with its original stacktrace:
defmodule MyDomain do
  use Skuld.Syntax

  defcomp process(data) do
    # This raise will show MyDomain.process in the stacktrace
    _ <- if data == :bad, do: raise ArgumentError, "invalid data"
    {:ok, data}
  end
end

MyDomain.process(:bad)
|> Throw.with_handler()
|> Comp.run!()
#=> ** (ArgumentError) invalid data
#=>     my_domain.ex:5: MyDomain.process/1
#=>     ...
The stacktrace points directly to your code, not to Skuld internals. This works for:
	raise → re-raised as the original exception type
	throw → wrapped in %UncaughtThrow{value: thrown_value}
	exit → wrapped in %UncaughtExit{reason: exit_reason}

Skuld's Throw Effect
When you use Throw.throw/1 (Skuld's effect-based error handling), unhandled throws
become %ThrowError{} exceptions:
comp do
  _ <- Throw.throw(:not_found)
  :ok
end
|> Throw.with_handler()
|> Comp.run!()
#=> ** (Skuld.Comp.ThrowError) Computation threw: :not_found
To handle throws within the computation, use the catch clause:
comp do
  _ <- Throw.throw(:not_found)
  :ok
catch
  {Throw, :not_found} -> {:error, :not_found}
end
|> Throw.with_handler()
|> Comp.run!()
#=> {:error, :not_found}
Caught Elixir Exceptions
If you catch Elixir exceptions with a catch clause, they arrive as maps with full
context:
comp do
  raise ArgumentError, "oops"
catch
  {Throw, %{kind: :error, payload: exception, stacktrace: stacktrace}} ->
    {:caught, Exception.message(exception)}
end
|> Throw.with_handler()
|> Comp.run!()
#=> {:caught, "oops"}
The map contains:
	:kind - :error, :throw, or :exit
	:payload - the exception struct, thrown value, or exit reason
	:stacktrace - the original stacktrace from where the error occurred

try_catch for Either-Style Results
Throw.try_catch/1 wraps a computation and returns Either-style {:ok, value} or
{:error, error} results. It automatically unwraps caught exceptions for cleaner
pattern matching:
# Raised exceptions become {:error, exception_struct}
Throw.try_catch(comp do
  raise ArgumentError, "bad input"
end)
|> Throw.with_handler()
|> Comp.run!()
#=> {:error, %ArgumentError{message: "bad input"}}

# Elixir throw becomes {:error, {:thrown, value}}
Throw.try_catch(comp do
  throw(:some_value)
end)
|> Throw.with_handler()
|> Comp.run!()
#=> {:error, {:thrown, :some_value}}

# Skuld Throw.throw passes through unchanged
Throw.try_catch(comp do
  _ <- Throw.throw(:my_error)
  :ok
end)
|> Throw.with_handler()
|> Comp.run!()
#=> {:error, :my_error}
IThrowable Protocol for Domain Exceptions
For domain exceptions that represent expected failures (validation errors, not-found,
permission denied), implement the Skuld.Comp.IThrowable protocol to get cleaner
error values from try_catch:
defmodule MyApp.NotFoundError do
  defexception [:entity, :id]

  @impl true
  def message(%{entity: entity, id: id}), do: "#{entity} not found: #{id}"
end

defimpl Skuld.Comp.IThrowable, for: MyApp.NotFoundError do
  def unwrap(%{entity: entity, id: id}), do: {:not_found, entity, id}
end

# Now try_catch returns the unwrapped value
Throw.try_catch(comp do
  raise MyApp.NotFoundError, entity: :user, id: 123
end)
|> Throw.with_handler()
|> Comp.run!()
#=> {:error, {:not_found, :user, 123}}

# Enables clean pattern matching on domain errors
case result do
  {:ok, user} -> handle_user(user)
  {:error, {:not_found, :user, id}} -> handle_not_found(id)
  {:error, %ArgumentError{}} -> handle_bad_input()
end
By default (without an IThrowable implementation), exceptions are returned as-is,
which is appropriate for unexpected errors where you want the full exception for
debugging.
Effects
State & Environment
State
Mutable state within a computation:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.State

comp do
  n <- State.get()
  _ <- State.put(n + 1)
  n
end
|> State.with_handler(0, output: fn result, state -> {result, {:final_state, state}} end)
|> Comp.run!()
#=> {0, {:final_state, 1}}
Reader
Read-only environment:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.Reader

comp do
  name <- Reader.ask()
  "Hello, #{name}!"
end
|> Reader.with_handler("World")
|> Comp.run!()
#=> "Hello, World!"
Writer
Accumulating output (use output: to include the log in the result):
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.Writer

comp do
  _ <- Writer.tell("step 1")
  _ <- Writer.tell("step 2")
  :done
end
|> Writer.with_handler([], output: fn result, log -> {result, Enum.reverse(log)} end)
|> Comp.run!()
#=> {:done, ["step 1", "step 2"]}
Multiple Independent Contexts (Tagged Usage)
State, Reader, and Writer all support explicit tags for multiple independent instances.
Use an atom as the first argument to operations, and tag: :name in the handler:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{State, Reader, Writer}

# Multiple independent state values
comp do
  _ <- State.put(:counter, 0)
  _ <- State.modify(:counter, &(&1 + 1))
  count <- State.get(:counter)
  _ <- State.put(:name, "alice")
  name <- State.get(:name)
  {count, name}
end
|> State.with_handler(0, tag: :counter)
|> State.with_handler("", tag: :name)
|> Comp.run!()
#=> {1, "alice"}

# Multiple independent reader contexts
comp do
  db <- Reader.ask(:db)
  api <- Reader.ask(:api)
  {db, api}
end
|> Reader.with_handler(%{host: "localhost"}, tag: :db)
|> Reader.with_handler(%{url: "https://api.example.com"}, tag: :api)
|> Comp.run!()
#=> {%{host: "localhost"}, %{url: "https://api.example.com"}}

# Multiple independent writer logs
comp do
  _ <- Writer.tell(:audit, "user logged in")
  _ <- Writer.tell(:metrics, {:counter, :login})
  _ <- Writer.tell(:audit, "viewed dashboard")
  :ok
end
|> Writer.with_handler([], tag: :audit, output: fn r, log -> {r, Enum.reverse(log)} end)
|> Writer.with_handler([], tag: :metrics, output: fn r, log -> {r, Enum.reverse(log)} end)
|> Comp.run!()
#=> {{:ok, ["user logged in", "viewed dashboard"]}, [{:counter, :login}]}
Scoped State Transformation
Effects that use scoped state (State, Writer, Reader, Fresh, Random, Port, AtomicState)
support :output and :suspend options for transforming values at scope boundaries:
:output - Transform result when leaving scope
When a computation completes, the :output function receives the result and final
state, returning a transformed result. This lets you include effect state in the
return value:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{State, Writer}

# Include final state in result
comp do
  _ <- State.put(42)
  :done
end
|> State.with_handler(0, output: fn result, state -> {result, {:final_state, state}} end)
|> Comp.run!()
#=> {:done, {:final_state, 42}}

# Include accumulated log in result
comp do
  _ <- Writer.tell("step 1")
  _ <- Writer.tell("step 2")
  :done
end
|> Writer.with_handler([], output: fn result, log -> {result, Enum.reverse(log)} end)
|> Comp.run!()
#=> {:done, ["step 1", "step 2"]}
:suspend - Decorate Suspend values when yielding
When a computation yields (via the Yield effect), the :suspend function can attach
effect state to the Suspend.data field. This is useful for:
	Exposing effect state to external runners (like AsyncComputation)
	Debugging and logging
	Cold resume scenarios

alias Skuld.Comp.Suspend

# Attach state to suspend.data when yielding
comp do
  _ <- State.put(42)
  _ <- Yield.yield(:checkpoint)
  :done
end
|> State.with_handler(0,
  suspend: fn suspend, env ->
    state = Skuld.Comp.Env.get_state(env, Skuld.Effects.State.state_key())
    data = suspend.data || %{}
    {%{suspend | data: Map.put(data, :state_snapshot, state)}, env}
  end
)
|> Yield.with_handler()
|> Comp.run()
#=> {%Suspend{value: :checkpoint, data: %{state_snapshot: 42}, ...}, _env}
The suspend decorator receives the Suspend struct and the current env, returning
a potentially modified {suspend, env} tuple. Multiple handlers with :suspend
options compose—inner handlers decorate first, outer handlers see and can further
modify the result.
EffectLogger uses this mechanism automatically when :decorate_suspend is true
(the default), attaching the current log to Suspend.data[EffectLogger] for
access by AsyncComputation callers.
Control Flow
Throw
Error handling with the catch clause using tagged patterns {Throw, pattern}:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.Throw

comp do
  x = -1
  _ <- if x < 0, do: Throw.throw({:error, "negative"})  # nil auto-lifted when false
  x * 2
catch
  {Throw, err} -> {:recovered, err}
end
|> Throw.with_handler()
|> Comp.run!()
#=> {:recovered, {:error, "negative"}}
The catch clause with {Throw, pattern} desugars to Throw.catch_error/2:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.Throw

# The above is equivalent to:
Throw.catch_error(
  comp do
    x = -1
    _ <- if x < 0, do: Throw.throw({:error, "negative"})
    x * 2
  end,
  fn err -> comp do {:recovered, err} end end
)
|> Throw.with_handler()
|> Comp.run!()
#=> {:recovered, {:error, "negative"}}
Elixir's raise, throw, and exit are automatically converted to Throw effects
when they occur during computation execution. This works even in the first expression
of a comp block:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.Throw

# Helper functions that raise/throw
defmodule Risky do
  def boom!, do: raise "oops!"
  def throw_ball!, do: throw(:ball)
end

# Elixir raise is caught and converted - even as the first expression
comp do
  Risky.boom!()
catch
  {Throw, %{kind: :error, payload: %RuntimeError{message: msg}}} -> {:caught_raise, msg}
end
|> Throw.with_handler()
|> Comp.run!()
#=> {:caught_raise, "oops!"}

# Elixir throw is also converted
comp do
  Risky.throw_ball!()
catch
  {Throw, %{kind: :throw, payload: value}} -> {:caught_throw, value}
end
|> Throw.with_handler()
|> Comp.run!()
#=> {:caught_throw, :ball}
The converted error is a map with :kind, :payload, and :stacktrace keys,
allowing you to handle different error types uniformly.
Pattern Matching with Else
The else clause handles pattern match failures in <- bindings. Since else
uses the Throw effect internally, you need a Throw handler:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.Throw

comp do
  {:ok, x} <- {:error, "something went wrong"}  # auto-lifted
  x * 2
else
  {:error, reason} -> {:match_failed, reason}
end
|> Throw.with_handler()
|> Comp.run!()
#=> {:match_failed, "something went wrong"}
Combining Else and Catch
Both clauses can be used together. The else must come before catch:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.Throw

# Returns {:ok, x}, {:error, reason}, or throws
might_fail = fn x ->
  cond do
    x < 0 -> {:error, :negative}  # auto-lifted
    x > 100 -> Throw.throw(:too_large)
    true -> {:ok, x}  # auto-lifted
  end
end

# Throw case (x > 100):
comp do
  {:ok, x} <- might_fail.(150)
  x * 2
else
  {:error, reason} -> {:match_failed, reason}
catch
  {Throw, err} -> {:caught_throw, err}
end
|> Throw.with_handler()
|> Comp.run!()
#=> {:caught_throw, :too_large}

# Match failure case (x < 0):
comp do
  {:ok, x} <- might_fail.(-5)
  x * 2
else
  {:error, reason} -> {:match_failed, reason}
catch
  {Throw, err} -> {:caught_throw, err}
end
|> Throw.with_handler()
|> Comp.run!()
#=> {:match_failed, :negative}
The semantic ordering is catch(else(body)), meaning:
	else handles pattern match failures from the main computation
	catch handles throws from both the main computation AND the else handler

Bracket
Safe resource acquisition and cleanup (like try/finally):
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{Bracket, State}

# Track resource lifecycle with State
comp do
  result <- Bracket.bracket(
    # Acquire
    comp do
      _ <- State.put(:acquired)
      :resource
    end,
    # Release (always runs)
    fn _resource ->
      comp do
        _ <- State.put(:released)
        :ok
      end
    end,
    # Use
    fn resource ->
      {:used, resource}  # auto-lifted
    end
  )
  final_state <- State.get()
  {result, final_state}
end
|> State.with_handler(:init)
|> Comp.run!()
#=> {{:used, :resource}, :released}
Use Bracket.finally/2 for simpler cleanup without resource passing:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{Bracket, State}

Bracket.finally(
  comp do
    _ <- State.put(:working)
    :done
  end,
  comp do
    _ <- State.put(:cleaned_up)
    :ok
  end
)
|> State.with_handler(:init, output: fn r, s -> {r, s} end)
|> Comp.run!()
#=> {:done, :cleaned_up}
Yield
Coroutine-style suspension and resumption:
use Skuld.Syntax
alias Skuld.Effects.Yield

generator = comp do
  _ <- Yield.yield(1)
  _ <- Yield.yield(2)
  _ <- Yield.yield(3)
  :done
end

# Collect all yielded values
generator
|> Yield.with_handler()
|> Yield.collect()
#=> {:done, :done, [1, 2, 3], _env}

# Or drive with a custom function
generator
|> Yield.with_handler()
|> Yield.run_with_driver(fn yielded, _data ->
  IO.puts("Got: #{yielded}")
  {:continue, :ok}
end)
# Prints: Got: 1, Got: 2, Got: 3
#=> {:done, :done, _env}
Yield.respond - Internal Yield Handling
Yield.respond/2 catches yields inside a computation and provides responses, similar
to how Throw.catch_error/2 catches throws. This enables handling yield requests
within the computation itself rather than requiring an external driver:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{Yield, State}

# Handle yields internally with a responder function
comp do
  result <- Yield.respond(
    comp do
      x <- Yield.yield(:get_x)
      y <- Yield.yield(:get_y)
      x + y
    end,
    fn
      :get_x -> Comp.pure(10)
      :get_y -> Comp.pure(20)
    end
  )
  result
end
|> Yield.with_handler()
|> Comp.run!()
#=> 30

# Responder can use effects (State, Reader, etc.)
comp do
  Yield.respond(
    comp do
      x <- Yield.yield(:get_state)
      _ <- Yield.yield({:add, 10})
      y <- Yield.yield(:get_state)
      {x, y}
    end,
    fn
      :get_state -> State.get()
      {:add, n} -> State.modify(&(&1 + n))
    end
  )
end
|> State.with_handler(5)
|> Yield.with_handler()
|> Comp.run!()
#=> {5, 15}

# Unhandled yields propagate to outer handler (re-yield)
comp do
  Yield.respond(
    comp do
      x <- Yield.yield(:handled)
      y <- Yield.yield(:not_handled)  # propagates up
      x + y
    end,
    fn
      :handled -> Comp.pure(10)
      other -> Yield.yield(other)  # re-yield unhandled
    end
  )
end
|> Yield.with_handler()
|> Comp.run()
#=> {%Comp.Suspend{value: :not_handled, resume: resume}, _env}
#   Call resume.(20) to complete: {30, _env}
Use cases for Yield.respond:
	Nested coroutine patterns - Handle some yields locally while propagating others
	Internal request/response loops - Build protocols within a computation
	Composing yield-based computations - Layer handlers for different yield types

Catch Clause with Yield
The catch clause supports {Yield, pattern} for intercepting yields, providing a
cleaner alternative to explicit Yield.respond/2 calls:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.Yield

# Using catch to intercept yields
comp do
  x <- Yield.yield(:get_x)
  y <- Yield.yield(:get_y)
  x + y
catch
  {Yield, :get_x} -> return(10)
  {Yield, :get_y} -> return(20)
end
|> Yield.with_handler()
|> Comp.run!()
#=> 30
You can combine Throw and Yield interception in the same catch clause:
use Skuld.Syntax
alias Skuld.Effects.{Yield, Throw}

comp do
  config <- Yield.yield(:need_config)
  result <- risky_operation(config)
  result
catch
  {Yield, :need_config} -> return(%{default: true})
  {Throw, :timeout} -> return(:retry_later)
  {Throw, err} -> Throw.throw({:wrapped, err})
end
Clause order determines composition: consecutive same-module clauses are grouped,
and each module switch creates a new interceptor layer (first group innermost).
Collection Iteration
FxList
Effectful list operations:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{FxList, State}

comp do
  results <- FxList.fx_map([1, 2, 3], fn item ->
    comp do
      count <- State.get()
      _ <- State.put(count + 1)
      item * 2
    end
  end)
  results
end
|> State.with_handler(0, output: fn result, state -> {result, {:final_state, state}} end)
|> Comp.run!()
#=> {[2, 4, 6], {:final_state, 3}}
Note: For large iteration counts (10,000+), use Yield-based coroutines instead
of FxList for better performance. See the FxList module docs for details.

FxFasterList
High-performance variant of FxList using Enum.reduce_while:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{FxFasterList, State}

comp do
  results <- FxFasterList.fx_map([1, 2, 3], fn item ->
    comp do
      count <- State.get()
      _ <- State.put(count + 1)
      item * 2
    end
  end)
  results
end
|> State.with_handler(0, output: fn result, state -> {result, {:final_state, state}} end)
|> Comp.run!()
#=> {[2, 4, 6], {:final_state, 3}}
Note: FxFasterList is ~2x faster than FxList but has limited Yield/Suspend support.
Use it when performance is critical and you only use Throw for error handling.

Value Generation
Fresh
Generate fresh UUIDs with two handler modes:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.Fresh

# Production: v7 UUIDs (time-ordered, good for database primary keys)
comp do
  uuid1 <- Fresh.fresh_uuid()
  uuid2 <- Fresh.fresh_uuid()
  {uuid1, uuid2}
end
|> Fresh.with_uuid7_handler()
|> Comp.run!()
#=> {"01945a3b-...", "01945a3b-..."}  # time-ordered, unique

# Testing: deterministic v5 UUIDs (reproducible given same namespace)
namespace = Uniq.UUID.uuid4()

comp do
  uuid1 <- Fresh.fresh_uuid()
  uuid2 <- Fresh.fresh_uuid()
  {uuid1, uuid2}
end
|> Fresh.with_test_handler(namespace: namespace)
|> Comp.run!()
#=> {"550e8400-...", "6ba7b810-..."}

# Same namespace always produces same sequence - great for testing!
comp do
  uuid <- Fresh.fresh_uuid()
  uuid
end
|> Fresh.with_test_handler(namespace: namespace)
|> Comp.run!()
#=> "550e8400-..."  # same UUID every time with same namespace
Random
Generate random values with three handler modes:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.Random

# Production: uses Erlang :rand module
comp do
  f <- Random.random()              # float in [0, 1)
  i <- Random.random_int(1, 100)    # integer in range
  elem <- Random.random_element([:a, :b, :c])
  shuffled <- Random.shuffle([1, 2, 3, 4])
  {f, i, elem, shuffled}
end
|> Random.with_handler()
|> Comp.run!()
#=> {0.723..., 42, :b, [3, 1, 4, 2]}

# Testing: deterministic with seed (reproducible)
comp do
  a <- Random.random()
  b <- Random.random_int(1, 10)
  {a, b}
end
|> Random.with_seed_handler(seed: {42, 123, 456})
|> Comp.run!()
#=> {0.234..., 7}  # same result every time with this seed

# Testing: fixed sequence for specific scenarios
comp do
  a <- Random.random()
  b <- Random.random()
  {a, b}
end
|> Random.with_fixed_handler(values: [0.0, 1.0])
|> Comp.run!()
#=> {0.0, 1.0}  # cycles when exhausted
Concurrency
AtomicState
Thread-safe state for concurrent contexts. Unlike the regular State effect which
stores state in env.state (copied when forking to new processes), AtomicState
uses external storage (Agent) that can be safely accessed from multiple processes:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.AtomicState

# Basic usage - similar to State but with atomic guarantees
comp do
  _ <- AtomicState.put(0)
  _ <- AtomicState.modify(&(&1 + 1))
  AtomicState.get()
end
|> AtomicState.with_agent_handler(0)
|> Comp.run!()
#=> 1

# Compare-and-swap for lock-free coordination
comp do
  _ <- AtomicState.put(10)
  r1 <- AtomicState.cas(10, 20)  # succeeds: current == expected
  r2 <- AtomicState.cas(10, 30)  # fails: current is 20, not 10
  final <- AtomicState.get()
  {r1, r2, final}
end
|> AtomicState.with_agent_handler(0)
|> Comp.run!()
#=> {:ok, {:conflict, 20}, 20}

# Multiple independent states with tags
comp do
  _ <- AtomicState.put(:counter, 0)
  _ <- AtomicState.put(:cache, %{})
  _ <- AtomicState.modify(:counter, &(&1 + 1))
  _ <- AtomicState.modify(:cache, &Map.put(&1, :key, "value"))
  counter <- AtomicState.get(:counter)
  cache <- AtomicState.get(:cache)
  {counter, cache}
end
|> AtomicState.with_agent_handler(0, tag: :counter)
|> AtomicState.with_agent_handler(%{}, tag: :cache)
|> Comp.run!()
#=> {1, %{key: "value"}}

# Testing: State-backed handler (no Agent processes)
comp do
  _ <- AtomicState.modify(&(&1 + 10))
  AtomicState.get()
end
|> AtomicState.with_state_handler(5)
|> Comp.run!()
#=> 15
Operations: get/1, put/2, modify/2, atomic_state/2 (get-and-update), cas/3
Parallel
Simple fork-join concurrency with built-in boundaries. Each operation is self-contained
with automatic task management:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{Parallel, Throw}

# Run multiple computations in parallel, get all results
comp do
  Parallel.all([
    comp do %{id: 1, name: "Alice"} end,
    comp do %{id: 2, name: "Bob"} end,
    comp do %{id: 3, name: "Carol"} end
  ])
end
|> Parallel.with_handler()
|> Throw.with_handler()
|> Comp.run!()
#=> [%{id: 1, name: "Alice"}, %{id: 2, name: "Bob"}, %{id: 3, name: "Carol"}]

# Race: return first to complete, cancel others
comp do
  Parallel.race([
    comp do :slow_result end,
    comp do :fast_result end
  ])
end
|> Parallel.with_handler()
|> Throw.with_handler()
|> Comp.run!()
#=> :slow_result or :fast_result (first to complete wins)

# Map over items in parallel
comp do
  Parallel.map([1, 2, 3], fn id ->
    comp do %{id: id, name: "User #{id}"} end
  end)
end
|> Parallel.with_handler()
|> Throw.with_handler()
|> Comp.run!()
#=> [%{id: 1, name: "User 1"}, %{id: 2, name: "User 2"}, %{id: 3, name: "User 3"}]
Error handling: Task failures are caught. For all/1 and map/2, the first
failure returns {:error, {:task_failed, reason}}. For race/1, failures are
ignored unless all tasks fail.
Testing handler runs tasks sequentially for deterministic tests:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{Parallel, Throw}

comp do
  Parallel.all([comp do :a end, comp do :b end])
end
|> Parallel.with_sequential_handler()
|> Throw.with_handler()
|> Comp.run!()
#=> [:a, :b]
Operations: all/1, race/1, map/2
AsyncComputation
Run effectful computations from non-effectful code (e.g., LiveView), bridging yields,
throws, and results back via messages:
alias Skuld.AsyncComputation
alias Skuld.Comp.{Suspend, Throw, Cancelled}

# Build a computation with handlers
computation =
  comp do
    name <- Yield.yield(:get_name)
    email <- Yield.yield(:get_email)
    {:ok, %{name: name, email: email}}
  end
  |> Reader.with_handler(%{tenant_id: "t-123"})

# Start async - returns immediately, first response via message
{:ok, runner} = AsyncComputation.start(computation, tag: :create_user)

# Start sync - blocks until first yield/result/throw (for fast-yielding computations)
{:ok, runner, %Suspend{value: :get_name, data: data}} =
  AsyncComputation.start_sync(computation, tag: :create_user, timeout: 5000)
# `data` contains any decorations from scoped effects (e.g., EffectLogger log)

# Messages arrive as {AsyncComputation, tag, result} where result is:
# - %Suspend{value: v, data: d}  <- computation yielded (data has effect decorations)
# - %Throw{error: e}             <- computation threw
# - %Cancelled{reason: r}        <- computation was cancelled
# - plain value                  <- computation completed successfully

# Resume async - returns immediately, next response via message
AsyncComputation.resume(runner, "Alice")

# Resume sync - blocks until next yield/result/throw
case AsyncComputation.resume_sync(runner, "Alice", timeout: 5000) do
  %Suspend{value: next_prompt} -> # computation yielded again
  %Throw{error: error} -> # computation threw
  %Cancelled{reason: reason} -> # computation was cancelled
  value -> # computation completed with value
  {:error, :timeout} -> # timed out
end

# Cancel if needed - triggers proper cleanup via leave_scope
AsyncComputation.cancel(runner)
LiveView example:
alias Skuld.AsyncComputation
alias Skuld.Comp.{Suspend, Throw, Cancelled}

def handle_event("start_wizard", _params, socket) do
  computation =
    comp do
      name <- Yield.yield(%{step: 1, prompt: "Enter name"})
      email <- Yield.yield(%{step: 2, prompt: "Enter email"})
      {:ok, %{name: name, email: email}}
    end
    |> MyApp.with_domain_handlers()

  {:ok, runner} = AsyncComputation.start(computation, tag: :wizard)
  {:noreply, assign(socket, runner: runner, step: nil)}
end

# Single clause handles all messages for a tag - easy delegation
def handle_info({AsyncComputation, :wizard, result}, socket) do
  case result do
    %Suspend{value: %{step: step, prompt: prompt}} ->
      {:noreply, assign(socket, step: step, prompt: prompt)}

    %Throw{error: error} ->
      {:noreply, socket |> assign(runner: nil) |> put_flash(:error, inspect(error))}

    %Cancelled{reason: _reason} ->
      {:noreply, assign(socket, runner: nil)}

    {:ok, user} ->
      {:noreply, socket |> assign(user: user, runner: nil) |> put_flash(:info, "Created!")}
  end
end

def handle_event("submit_step", %{"value" => value}, socket) do
  AsyncComputation.resume(socket.assigns.runner, value)
  {:noreply, socket}
end
Key points:
	Adds Throw.with_handler/1 and Yield.with_handler/1 automatically
	Uniform message format {AsyncComputation, tag, result} enables single-clause delegation
	Exceptions in computations become %Throw{error: %{kind: :error, payload: exception}}
	Cancellation triggers proper cleanup via leave_scope chain
	Linked by default (use link: false for unlinked)
	Suspend.data contains decorations from scoped effects (e.g., data[EffectLogger] has the current log)
	Use this for non-effectful callers; use FiberPool effect when inside a computation

Operations: start/2, start_sync/2, resume/2, resume_sync/3, cancel/1
FiberPool
Cooperative fiber-based concurrency with automatic I/O batching. Fibers are lightweight
computations that yield cooperatively and can be scheduled together for efficient execution.
Basic usage:
use Skuld.Syntax
alias Skuld.Effects.FiberPool

comp do
  # Spawn fibers
  h1 <- FiberPool.fiber(comp do :result_1 end)
  h2 <- FiberPool.fiber(comp do :result_2 end)

  # Await results
  r1 <- FiberPool.await(h1)
  r2 <- FiberPool.await(h2)
  {r1, r2}
end
|> FiberPool.with_handler()
|> FiberPool.run!()
#=> {:result_1, :result_2}
Await multiple fibers:
use Skuld.Syntax
alias Skuld.Effects.FiberPool

comp do
  h1 <- FiberPool.fiber(comp do :first end)
  h2 <- FiberPool.fiber(comp do :second end)

  # Wait for all - results in order
  results <- FiberPool.await_all([h1, h2])
  results
end
|> FiberPool.with_handler()
|> FiberPool.run!()
#=> [:first, :second]
I/O Batching:
FiberPool automatically batches I/O operations across suspended fibers:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{FiberPool, DB}
alias Skuld.Fiber.FiberPool.BatchExecutor

# Define a schema struct and mock executor
defmodule User do
  defstruct [:id, :name]
end

mock_executor = fn ops ->
  IO.puts("Executor called with #{length(ops)} operations")  # proves batching
  Comp.pure(Map.new(ops, fn {ref, %DB.Fetch{id: id}} ->
    {ref, %User{id: id, name: "User #{id}"}}
  end))
end

# Multiple fibers fetching from DB - batched into single query
comp do
  h1 <- FiberPool.fiber(DB.fetch(User, 1))
  h2 <- FiberPool.fiber(DB.fetch(User, 2))
  h3 <- FiberPool.fiber(DB.fetch(User, 3))

  results <- FiberPool.await_all([h1, h2, h3])
  results
end
|> BatchExecutor.with_executor({:db_fetch, User}, mock_executor)
|> FiberPool.with_handler()
|> FiberPool.run!()
# Prints: Executor called with 3 operations
#=> [%User{id: 1, name: "User 1"}, %User{id: 2, name: "User 2"}, %User{id: 3, name: "User 3"}]
Parallel Tasks:
For CPU-bound work that benefits from parallel execution:
use Skuld.Syntax
alias Skuld.Effects.FiberPool

comp do
  # Task runs in separate process (takes a thunk, not a computation)
  h <- FiberPool.task(fn -> expensive_calculation() end)
  FiberPool.await(h)
end
|> FiberPool.with_handler()
|> FiberPool.run!()
Operations: fiber/1, task/1, await/1, await_all/1, await_any/1, cancel/1
Channel
Bounded channels for communication between fibers with backpressure:
use Skuld.Syntax
alias Skuld.Effects.{Channel, FiberPool}

comp do
  ch <- Channel.new(10)  # buffer capacity

  # Producer fiber
  _producer <- FiberPool.fiber(comp do
    _ <- Channel.put(ch, :item1)
    _ <- Channel.put(ch, :item2)
    Channel.close(ch)
  end)

  # Consumer
  r1 <- Channel.take(ch)  # {:ok, :item1}
  r2 <- Channel.take(ch)  # {:ok, :item2}
  r3 <- Channel.take(ch)  # :closed

  {r1, r2, r3}
end
|> Channel.with_handler()
|> FiberPool.with_handler()
|> FiberPool.run!()
Backpressure:
	put/2 suspends when buffer is full
	take/1 suspends when buffer is empty
	Fibers automatically wake when space/items become available

Error propagation:
use Skuld.Syntax
alias Skuld.Effects.Channel

# Errors flow downstream through channels
_ <- Channel.error(ch, :something_failed)
Channel.take(ch)  #=> {:error, :something_failed}
Operations: new/1, put/2, take/1, peek/1, close/1, error/2
Async operations for ordered concurrent processing:
put_async/2 and take_async/1 enable ordered concurrent transformations. When
you need to transform items concurrently but preserve their original order:
use Skuld.Syntax
alias Skuld.Effects.{Channel, FiberPool}

comp do
  ch <- Channel.new(10)  # buffer size = max concurrent transforms

  # Producer: spawns transform fibers, stores handles in order
  _producer <- FiberPool.fiber(comp do
    _ <- Channel.put_async(ch, expensive_transform(item1))
    _ <- Channel.put_async(ch, expensive_transform(item2))
    _ <- Channel.put_async(ch, expensive_transform(item3))
    Channel.close(ch)
  end)

  # Consumer: awaits results in put-order
  r1 <- Channel.take_async(ch)  # {:ok, transformed1}
  r2 <- Channel.take_async(ch)  # {:ok, transformed2}
  r3 <- Channel.take_async(ch)  # {:ok, transformed3}

  {r1, r2, r3}
end
|> Channel.with_handler()
|> FiberPool.with_handler()
|> FiberPool.run!()
How it works:
	put_async(ch, computation) spawns a fiber for the computation and stores
the fiber handle in the buffer (not the result)
	take_async(ch) takes the next fiber handle and awaits its completion
	Order is preserved because handles are stored in FIFO order, and we await
them sequentially regardless of which computation finishes first

Buffer size controls concurrency: If the buffer capacity is 10, at most 10
transform fibers run in parallel—put_async blocks when the buffer is full,
providing natural backpressure.
Operations: put_async/2, take_async/1
Brook
High-level streaming API built on channels, with automatic backpressure via
bounded channel buffers—producers block when downstream consumers can't keep up:
use Skuld.Syntax
alias Skuld.Effects.{Brook, Channel, FiberPool}

comp do
  # Create stream from enumerable
  source <- Brook.from_enum(1..100)

  # Transform with optional concurrency
  mapped <- Brook.map(source, fn x -> x * 2 end, concurrency: 4)

  # Filter
  filtered <- Brook.filter(mapped, fn x -> rem(x, 4) == 0 end)

  # Collect results
  Brook.to_list(filtered)
end
|> Channel.with_handler()
|> FiberPool.with_handler()
|> FiberPool.run!()
#=> [4, 8, 12, 16, ...]
Producer functions:
use Skuld.Syntax
alias Skuld.Effects.Brook

comp do
  source <- Brook.from_function(fn ->
    case fetch_next_batch() do
      {:ok, items} -> {:items, items}
      :done -> :done
      {:error, e} -> {:error, e}
    end
  end)

  Brook.each(source, &process/1)
end
I/O Batching in Brook:
This example shows automatic batching of nested I/O - fetching users and their orders.
Each concurrent fiber fetches a user, then fetches that user's orders. Both operations
get batched across fibers, solving the N+1 query problem automatically:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{Brook, Channel, FiberPool, DB}
alias Skuld.Fiber.FiberPool.BatchExecutor

defmodule Order do
  defstruct [:id, :user_id, :total]
end

defmodule User do
  defstruct [:id, :name, :orders]

  # Fetch a user and all their orders - composes DB.fetch with DB.fetch_all
  # Each DB operation can be batched with operations from other concurrent fibers
  defcomp with_orders(user_id) do
    user <- DB.fetch(__MODULE__, user_id)
    orders <- DB.fetch_all(Order, :user_id, user_id)
    %{user | orders: orders}
  end

  # Fetch multiple users with their orders using Brook
  defcomp fetch_users_with_orders(user_ids) do
    # chunk_size: 1 so each user becomes a concurrent fiber for I/O batching
    source <- Brook.from_enum(user_ids, chunk_size: 1)
    users <- Brook.map(source, &with_orders/1, concurrency: 3)
    Brook.to_list(users)
  end
end

# Mock executors simulate batched database queries
user_executor = fn ops ->
  IO.puts("User fetch: #{length(ops)} users batched")
  Map.new(ops, fn {ref, %DB.Fetch{id: id}} ->
    {ref, %User{id: id, name: "User #{id}", orders: nil}}
  end)
end

order_executor = fn ops ->
  IO.puts("Order fetch_all: #{length(ops)} queries batched")
  Map.new(ops, fn {ref, %DB.FetchAll{filter_value: user_id}} ->
    # Each user has 2 orders
    {ref, [
      %Order{id: user_id * 10 + 1, user_id: user_id, total: 100},
      %Order{id: user_id * 10 + 2, user_id: user_id, total: 200}
    ]}
  end)
end

User.fetch_users_with_orders([1, 2, 3, 4, 5])
|> BatchExecutor.with_executor({:db_fetch, User}, user_executor)
|> BatchExecutor.with_executor({:db_fetch_all, Order, :user_id}, order_executor)
|> Channel.with_handler()
|> FiberPool.with_handler()
|> FiberPool.run!()
# Prints:
#    User fetch: 3 users batched
#    Order fetch_all: 3 queries batched
#    User fetch: 2 users batched
#    Order fetch_all: 2 queries batched
#=> [%User{id: 1, orders: [%Order{...}, ...]}, %User{id: 2, ...}, ...]  # order preserved
Without automatic batching, fetching 5 users with orders would require 1 + 5 = 6 queries
(one for all users, one per user for orders) or rearranging the code significantly.
With batching, fibers running concurrently
have their DB operations combined: just 2 user fetches (batches of 3 and 2) and 2 order
fetches (same batches) - as defined by the concurrency: 3 option.
Why chunk_size: 1? Brook.map's concurrency controls how many chunks process
concurrently. With the default chunk_size: 100, all 5 items would be in one chunk
and processed sequentially. Using chunk_size: 1 makes each item its own concurrent
unit, allowing their I/O operations to batch together.
Brook.map preserves input order even with concurrency > 1 by using put_async/take_async
internally (see Channel section above for details on how this works).
Operations: from_enum/2, from_function/2, map/3, filter/3, each/2, run/2, to_list/1
Backpressure: Each stream stage uses a bounded channel buffer (default: 10).
When a buffer fills, the upstream producer blocks until the consumer catches up.
Configure with the buffer option: Brook.map(source, &transform/1, buffer: 20).
Performance vs GenStage:
Skuld Brooks are optimized for throughput via transparent chunking (processing items
in batches of 100 by default). Here's how they compare to GenStage:
	Stages	Input Size	Skuld	GenStage	Skuld Speedup
	1	1k	0.17ms	53ms	312x
	1	10k	1.6ms	57ms	36x
	1	100k	15ms	594ms	38x
	5	1k	0.79ms	53ms	67x
	5	10k	7ms	57ms	8x
	5	100k	63ms	586ms	9x

Run with mix run bench/brook_vs_genstage.exs
Stage count scaling (10k items):
	Stages	Skuld	GenStage	Winner
	1	1.9ms	27ms	Skuld
	5	7ms	27ms	Skuld
	10	14ms	27ms	Skuld
	15	23ms	27ms	Skuld
	20	29ms	27ms	GenStage
	30	44ms	28ms	GenStage

GenStage runs each stage in a separate process, so stages execute in parallel—total
time stays constant regardless of stage count. Skuld runs all stages cooperatively
in a single process, so time grows linearly (~1.5ms per stage). The crossover point
is around 15-20 stages for trivial transforms. CPU-heavy transforms would favor
GenStage (parallel execution across cores), while I/O-heavy transforms would favor
Skuld (automatic batching and non-blocking cooperative scheduling).
Chunking vs I/O batching tradeoff:
	Stages	Input	Skuld (chunked)	Skuld (chunk_size: 1)	GenStage
	1	1k	0.17ms	3ms	23ms
	1	10k	1.6ms	27ms	27ms
	1	100k	15ms	276ms	414ms
	5	1k	0.79ms	16ms	23ms
	5	10k	7ms	155ms	25ms
	5	100k	63ms	1510ms	408ms

Skuld's default chunk_size: 100 processes items in batches for ~17x better throughput,
but items within a chunk transform sequentially. Using chunk_size: 1 enables true
concurrent transforms (and thus I/O batching), but loses the chunking speedup.
For I/O-heavy workloads (e.g., 10ms database calls), chunk_size: 1 still wins
because batching N database calls into 1 query dominates the per-item overhead. For
CPU-bound transforms, the default chunking is clearly better.
Architecture tradeoffs:
Skuld Brooks run in a single BEAM process with cooperative fiber scheduling,
while GenStage uses multiple processes with demand-based flow control. This
leads to different characteristics:
	Aspect	Skuld Brook	GenStage
	Scheduling	Cooperative (fibers)	Preemptive (processes)
	Communication	Direct (shared memory)	Message passing
	Parallelism	Single process	Multi-process
	Best for	I/O-bound pipelines	CPU-bound pipelines
	Memory model	Higher peak, chunked	Lower, item-by-item
	Startup cost	Minimal	~50ms process setup

When to use each:
	Skuld Brook excels at I/O-bound workloads where items flow through
transformations quickly and automatic I/O batching (via FiberPool) can
consolidate database queries or API calls. The single-process model eliminates
message-passing overhead and enables order-preserving concurrent transforms.

	GenStage is better for CPU-bound pipelines where you need true parallelism
across CPU cores. Each stage runs in its own process, enabling concurrent
computation. The demand-based backpressure also provides finer-grained memory
control for very large datasets.

	Hybrid approach: For CPU-intensive transforms within Skuld, use
FiberPool.task/1 to offload work to separate BEAM processes while keeping
the pipeline coordination in Skuld.


Persistence & Data
DBTransaction
Database transactions with automatic commit/rollback:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.DBTransaction
alias Skuld.Effects.DBTransaction.Noop, as: NoopTx

# Normal completion - transaction commits
comp do
  result <- DBTransaction.transact(comp do
    {:user_created, 123}
  end)
  result
end
|> NoopTx.with_handler()
|> Comp.run!()
#=> {:user_created, 123}

# Explicit rollback
comp do
  result <- DBTransaction.transact(comp do
    _ <- DBTransaction.rollback(:validation_failed)
    :never_reached
  end)
  result
end
|> NoopTx.with_handler()
|> Comp.run!()
#=> {:rolled_back, :validation_failed}
The same domain code works with different handlers - swap Noop for Ecto in production:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.DBTransaction
alias Skuld.Effects.DBTransaction.Noop, as: NoopTx
alias Skuld.Effects.DBTransaction.Ecto, as: EctoTx

# Domain logic - unchanged regardless of handler
create_order = fn user_id, items ->
  comp do
    result <- DBTransaction.transact(comp do
      # Imagine these are real Ecto operations
      order = %{id: 1, user_id: user_id, items: items}
      order
    end)
    result
  end
end

# Production: real Ecto transactions (won't work in IEX!)
create_order.(123, [:item_a, :item_b])
|> EctoTx.with_handler(MyApp.Repo)
|> Comp.run!()
#=> %{id: 1, user_id: 123, items: [:item_a, :item_b]}

# Testing: no database, same domain code
create_order.(123, [:item_a, :item_b])
|> NoopTx.with_handler()
|> Comp.run!()
#=> %{id: 1, user_id: 123, items: [:item_a, :item_b]}
Port
Dispatch parameterizable blocking calls to pluggable backends. Ideal for wrapping
any existing side-effecting code (database queries, HTTP calls, file I/O, etc.):
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{Port, Throw}

# Define a module with side-effecting functions (accepts keyword list params)
defmodule MyQueries do
  def find_user(id: id), do: %{id: id, name: "User #{id}"}
end

# Runtime: dispatch to actual modules
comp do
  user <- Port.request(MyQueries, :find_user, id: 123)
  user
end
|> Port.with_handler(%{MyQueries => :direct})
|> Comp.run!()
#=> %{id: 123, name: "User 123"}

# Test: exact key matching with stub responses
comp do
  user <- Port.request(MyQueries, :find_user, id: 456)
  user
end
|> Port.with_test_handler(%{
  Port.key(MyQueries, :find_user, id: 456) => %{id: 456, name: "Stubbed"}
})
|> Throw.with_handler()
|> Comp.run!()
#=> %{id: 456, name: "Stubbed"}

# Test: function-based handler with pattern matching (ideal for property tests)
comp do
  user <- Port.request(MyQueries, :find_user, id: 789)
  user
end
|> Port.with_fn_handler(fn
  MyQueries, :find_user, [id: id] -> %{id: id, name: "Generated User #{id}"}
  MyQueries, :list_users, [limit: n] when n > 100 -> {:error, :limit_too_high}
  _mod, _fun, _params -> :default
end)
|> Comp.run!()
#=> %{id: 789, name: "Generated User 789"}
The function handler enables Elixir's full pattern matching power - pins, guards,
wildcards - making it ideal for property-based tests where exact values aren't
known upfront. Use with_test_handler for simple exact-match cases and
with_fn_handler for complex dynamic scenarios.
Command
Dispatch commands (mutations) through a unified handler:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{Command, Fresh}

# Define command structs
defmodule CreateTodo do
  defstruct [:title, :priority]
end

defmodule DeleteTodo do
  defstruct [:id]
end

# Define a command handler that routes via pattern matching
defmodule MyCommandHandler do
  use Skuld.Syntax

  def handle(%CreateTodo{title: title, priority: priority}) do
    comp do
      id <- Fresh.fresh_uuid()
      {:ok, %{id: id, title: title, priority: priority}}
    end
  end

  def handle(%DeleteTodo{id: id}) do
    comp do
      {:ok, %{deleted: id}}
    end
  end
end

# Execute commands through the effect system
comp do
  {:ok, todo} <- Command.execute(%CreateTodo{title: "Buy milk", priority: :high})
  todo
end
|> Command.with_handler(&MyCommandHandler.handle/1)
|> Fresh.with_uuid7_handler()
|> Comp.run!()
#=> %{id: "01945a3b-...", title: "Buy milk", priority: :high}
The handler function returns a computation, so commands can use other effects
(Fresh, ChangesetPersist, EventAccumulator, etc.) internally. This enables a clean
separation between command dispatch and command implementation.
EventAccumulator
Accumulate domain events during computation (built on Writer):
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.EventAccumulator

comp do
  _ <- EventAccumulator.emit(%{type: :user_created, id: 1})
  _ <- EventAccumulator.emit(%{type: :email_sent, to: "user@example.com"})
  :ok
end
|> EventAccumulator.with_handler(output: fn result, events -> {result, events} end)
|> Comp.run!()
#=> {:ok, [%{type: :user_created, id: 1}, %{type: :email_sent, to: "user@example.com"}]}
ChangesetPersist
Changeset persistence as effects (requires Ecto):
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.ChangesetPersist

# Production: real database operations via Ecto handler
comp do
  user <- ChangesetPersist.insert(User.changeset(%User{}, %{name: "Alice"}))
  order <- ChangesetPersist.insert(Order.changeset(%Order{}, %{user_id: user.id}))
  {user, order}
end
|> ChangesetPersist.Ecto.with_handler(MyApp.Repo)
|> Comp.run!()
For testing, use the test handler to stub responses and record calls:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.ChangesetPersist

# Define a simple schema for testing
defmodule User do
  use Ecto.Schema
  import Ecto.Changeset

  embedded_schema do
    field :name, :string
  end

  def changeset(user, attrs) do
    user |> cast(attrs, [:name]) |> validate_required([:name])
  end
end

# Test handler applies changeset changes and records all operations
comp do
  user <- ChangesetPersist.insert(User.changeset(%User{}, %{name: "Alice"}))
  _ <- ChangesetPersist.update(User.changeset(user, %{name: "Bob"}))
  user
end
|> ChangesetPersist.Test.with_handler(&ChangesetPersist.Test.default_handler/1)
|> Comp.run!()
#=> {%User{name: "Alice"}, [{:insert, %Ecto.Changeset{...}}, {:update, %Ecto.Changeset{...}}]}

# Custom handler for specific test scenarios
changeset = User.changeset(%User{}, %{name: "Test"})

comp do
  user <- ChangesetPersist.insert(changeset)
  user
end
|> ChangesetPersist.Test.with_handler(fn
  %ChangesetPersist.Insert{input: _cs} -> %User{id: "test-id", name: "Stubbed"}
  %ChangesetPersist.Update{input: cs} -> Ecto.Changeset.apply_changes(cs)
end)
|> Comp.run!()
#=> {%User{id: "test-id", name: "Stubbed"}, [{:insert, %Ecto.Changeset{...}}]}
Note: ChangesetPersist wraps Ecto Repo operations. See the module docs for
insert, update, delete, insert_all, update_all, delete_all, and upsert.

Replay & Logging
EffectLogger
Capture effect invocations for replay, resume, and retry:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{State, EffectLogger}

# Capture a log of effects
{{result, log}, _env} = (
  comp do
    x <- State.get()
    _ <- State.put(x + 10)
    y <- State.get()
    {x, y}
  end
  |> EffectLogger.with_logging()
  |> State.with_handler(0)
  |> Comp.run()
)

result
#=> {0, 10}

# The log captures each effect invocation with its result
log
#=> %Skuld.Effects.EffectLogger.Log{
#=>   effect_queue: [
#=>     %EffectLogEntry{sig: State, data: %State.Get{}, value: 0, state: :executed},
#=>     %EffectLogEntry{sig: State, data: %State.Put{value: 10}, value: %Change{old: 0, new: 10}, state: :executed},
#=>     %EffectLogEntry{sig: State, data: %State.Get{}, value: 10, state: :executed}
#=>   ],
#=>   ...
#=> }

# Replay with different initial state - uses logged values instead of executing
{{replayed, _log2}, _env2} = (
  comp do
    x <- State.get()
    _ <- State.put(x + 10)
    y <- State.get()
    {x, y}
  end
  |> EffectLogger.with_logging(log, allow_divergence: true)
  |> State.with_handler(999)  # Different initial state - allowed with divergence
  |> Comp.run()
)

replayed
#=> {0, 10}  # Same result - values came from log, not from State handler
Loop Marking and Pruning
For long-running loop-based computations (like LLM conversation loops), the log can
grow unboundedly. Use mark_loop/1 to mark iteration boundaries - pruning is enabled
by default and happens eagerly after each mark, keeping memory bounded:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{State, Writer, EffectLogger}

# Define a recursive computation that processes items
defmodule ProcessLoop do
  use Skuld.Syntax
  alias Skuld.Effects.{State, Writer, EffectLogger}

  defcomp process(items) do
    # Mark the start of each iteration - captures current state for cold resume
    # Pruning happens immediately after this mark executes
    _ <- EffectLogger.mark_loop(ProcessLoop)

    case items do
      [] ->
        State.get()  # Return final count

      [item | rest] ->
        comp do
          count <- State.get()
          _ <- State.put(count + 1)
          _ <- Writer.tell("Processed: #{item}")
          process(rest)
        end
    end
  end
end

# Pruning is enabled by default - log stays bounded during execution
ProcessLoop.process(["a", "b", "c", "d"])
|> EffectLogger.with_logging()  # prune_loops: true is the default
|> State.with_handler(0)
|> Writer.with_handler([])
|> Comp.run()
#=> {{4, %EffectLogger.Log{...}}, _env}
# Log is small - only root mark + last iteration's effects
# Memory never grew beyond O(1 iteration) during execution
Key benefits:
	Bounded memory: Pruning happens eagerly after each mark_loop, so memory stays O(current iteration) even for computations that never suspend or complete
	Cold resume: State checkpoints are preserved for resuming from serialized logs
	State validation: During replay, state consistency is validated against checkpoints

To disable pruning and keep all entries (e.g., for debugging), use prune_loops: false:
# (ProcessLoop defined in previous example)
alias Skuld.Comp
alias Skuld.Effects.{State, Writer, EffectLogger}

# Keep all entries for debugging
ProcessLoop.process(["a", "b", "c", "d"])
|> EffectLogger.with_logging(prune_loops: false)
|> State.with_handler(0)
|> Writer.with_handler([])
|> Comp.run()
#=> {{4, %EffectLogger.Log{...}}, _env}
Cold Resume with Yield
When a computation suspends via Yield, you can serialize the log and resume later:
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{State, Writer, Yield, EffectLogger}

# Define a computation that yields for user input
defmodule Conversation do
  use Skuld.Syntax
  alias Skuld.Effects.{State, Writer, Yield, EffectLogger}

  defcomp run() do
    _ <- EffectLogger.mark_loop(ConversationLoop)
    count <- State.get()
    _ <- State.put(count + 1)

    # Yield for input, then continue
    input <- Yield.yield({:prompt, "Message #{count}:"})
    _ <- Writer.tell("User said: #{input}")

    run()  # Loop forever, yielding each iteration
  end
end

# First run - suspends at first yield (pruning is enabled by default)
Conversation.run()
|> EffectLogger.with_logging()
|> Yield.with_handler()
|> State.with_handler(0)
|> Writer.with_handler([])
|> Comp.run()
#=> {%Comp.Suspend{value: {:prompt, "Message 0:"}, ...}, env}

# To continue: extract and serialize the log, then cold resume with user's response
# log = EffectLogger.get_log(env) |> EffectLogger.Log.finalize()
# json = Jason.encode!(log)
# cold_log = json |> Jason.decode!() |> EffectLogger.Log.from_json()
# Conversation.run()
# |> EffectLogger.with_resume(cold_log, "Hello!")
# |> Yield.with_handler()
# |> State.with_handler(999)  # State restored from checkpoint, not this value
# |> Writer.with_handler([])
# |> Comp.run()
The with_resume/3 function:
	Restores env.state from the most recent checkpoint in the log
	Replays completed effects by short-circuiting with logged values
	Injects the resume value at the Yield suspension point
	Continues fresh execution after that point

Property-Based Testing
Algebraic effects enable a powerful testing pattern: effectful code that runs pure.
Domain logic written with effects can execute with real database handlers in production
and pure in-memory handlers in tests—enabling property-based testing with thousands
of iterations per second.
The Pattern
TodosMcp demonstrates
this approach. The domain handlers use effects for all I/O:
# Domain logic in Todos.Handlers - uses effects, doesn't perform I/O directly
defcomp handle(%ToggleTodo{id: id}) do
  ctx <- Reader.ask(CommandContext)
  todo <- Repository.get_todo!(ctx.tenant_id, id)  # Port effect
  changeset = Todo.changeset(todo, %{completed: not todo.completed})
  updated <- ChangesetPersist.update(changeset)    # Persist effect
  {:ok, updated}
end
The Run.execute/2 function composes different handler stacks based on mode:
# Production: real database
Run.execute(operation, mode: :database, tenant_id: tenant_id)
# -> Port.with_handler(%{Repository.Ecto => :direct})
# -> ChangesetPersist.Ecto.with_handler(Repo)

# Testing: pure in-memory
Run.execute(operation, mode: :in_memory, tenant_id: tenant_id)
# -> Port.with_handler(%{Repository.Ecto => {Repository.InMemory, :delegate}})
# -> InMemoryPersist.with_handler()
Property Tests
With pure handlers, property-based testing becomes trivial. TodosMcp uses standard
stream_data with domain-specific generators:
# test/todos_mcp/todos/handlers_property_test.exs
use ExUnitProperties

property "ToggleTodo is self-inverse" do
  check all(cmd <- Generators.create_todo(), max_runs: 100) do
    {:ok, original} = create_and_get(cmd)

    {:ok, toggled} = Run.execute(%ToggleTodo{id: original.id}, mode: :in_memory)
    {:ok, restored} = Run.execute(%ToggleTodo{id: original.id}, mode: :in_memory)

    assert restored.completed == original.completed
  end
end

property "CompleteAll only affects incomplete todos" do
  check all(todos <- Generators.todos(max_length: 20)) do
    incomplete_count = Enum.count(todos, &(not &1.completed))
    {:ok, result} = run_with_todos(%CompleteAll{}, todos)
    assert result.updated == incomplete_count
  end
end
Implementing This Pattern
To enable property-based testing in your project:
	Structure domain logic with effects - Use Port, ChangesetPersist, Reader, etc.
instead of direct Repo calls or process dictionary access.

	Create in-memory implementations - For each effect that touches external state,
provide a pure alternative. Skuld includes test handlers for common effects:
	Port.with_test_handler/2 - Stub responses for external calls
	ChangesetPersist.Test.with_handler/2 - Stub persist operations
	Fresh.with_test_handler/2 - Deterministic UUID generation


	Write domain-specific generators - Create StreamData generators for your
command/query structs and domain entities (see TodosMcp.Generators).

	Compose handler stacks by mode - A single Run.execute/2 entry point that
switches handlers based on :mode option keeps tests and production code aligned.


The key insight is that no special Skuld support is needed—the existing handler
composition is already sufficient. Generators are domain-specific (your structs,
your entities), so they belong in your application, not in Skuld.
Architecture
Skuld uses evidence-passing style where:
	Handlers are stored in the environment as functions
	Effects look up their handler and call it directly
	CPS enables control effects (Yield, Throw) to manipulate continuations
	Scoped handlers automatically manage handler installation/cleanup

Comparison with Freyja
Skuld was built after Freyja proved to
have significant limitations, including performance issues and requiring two monad
types (Freer and Hefty), with all the additional complexity and mental load
that imposes. Skuld's client API looks quite similar to Freyja, but the implementation
is very different - Skuld performs better and has a simpler, more coherent API.
	Aspect	Freyja	Skuld
	Effect representation	Freer monad + Hefty algebras	Evidence-passing CPS
	Computation types	Freer + Hefty	Just computation
	Control effects	Hefty (higher-order)	Direct CPS
	Handler lookup	Search through handler list	Direct map lookup
	Macro system	con + hefty	Single comp

Skuld's performance advantage comes from avoiding Freer monad object allocation,
continuation queue management, and linear search for handlers.
Performance
Benchmark comparing Skuld against pure baselines and minimal effect implementations.
Run with mix run bench/skuld_benchmark.exs.
What's being measured: A loop that increments a counter from 0 to N using
State.get() / State.put(n + 1) operations. This exercises the core effect
invocation path repeatedly, measuring per-operation overhead.
Core Benchmark
	Target	Pure/Rec	Monad	Evf	Evf/CPS	Skuld/Nest	Skuld/FxFL
	500	4 µs	10 µs	17 µs	17 µs	141 µs	54 µs
	1000	28 µs	55 µs	56 µs	58 µs	255 µs	166 µs
	2000	34 µs	78 µs	91 µs	97 µs	558 µs	325 µs
	5000	82 µs	189 µs	244 µs	258 µs	1.42 ms	836 µs
	10000	145 µs	157 µs	298 µs	325 µs	2.3 ms	960 µs

Implementations compared:
	Pure/Rec - Non-effectful baseline using tail recursion with map state
	Monad - Simple state monad (fn state -> {val, state} end) with no effect system
	Evf - Flat evidence-passing, direct-style (no CPS) - can't support control effects
	Evf/CPS - Flat evidence-passing with CPS - isolates CPS overhead (~1.1x vs Evf)
	Skuld/Nest - Skuld with nested Comp.bind calls (typical usage pattern)
	Skuld/FxFL - Skuld with FxFasterList iteration (optimized for collections)

Iteration Strategies
	Target	FxFasterList	FxList	Yield
	1000	97 µs (0.10 µs/op)	200 µs (0.20 µs/op)	147 µs (0.15 µs/op)
	5000	492 µs (0.10 µs/op)	959 µs (0.19 µs/op)	762 µs (0.15 µs/op)
	10000	1.02 ms (0.10 µs/op)	2.71 ms (0.27 µs/op)	1.52 ms (0.15 µs/op)
	50000	5.1 ms (0.10 µs/op)	-	7.58 ms (0.15 µs/op)
	100000	10.02 ms (0.10 µs/op)	-	14.9 ms (0.15 µs/op)

Iteration options:
	FxFasterList - Uses Enum.reduce_while, fastest option (~2x faster than FxList)
	FxList - Uses Comp.bind chains, supports full Yield/Suspend resume semantics
	Yield - Coroutine-style suspend/resume, use when you need interruptible iteration

All three maintain constant per-operation cost as N grows.
Key Takeaways
	CPS overhead is minimal - Evf/CPS is only ~1.1x slower than direct-style Evf
	Skuld overhead (~7x vs Evf/CPS) comes from scoped handlers, exception handling, and auto-lifting
	FxFasterList is the fastest iteration strategy when you don't need Yield semantics
	Per-op cost is constant - no quadratic blowup at scale

Real-World Perspective
These benchmarks represent a worst-case scenario where computations do almost
nothing except exercise the effects machinery. In practice, algebraic effects
compose real work — serialization, domain calculations, transcoding — where actual
computation dominates execution time.
For example, JSON encoding a moderate payload takes 10-100µs, and domain validation
or business logic involves similar compute. Compared to Skuld's ~0.1µs per effect
invocation, even dozens of effect operations add negligible overhead to real
workloads. The architectural benefits—testability, composability, separation of
concerns—far outweigh the microsecond-level cost.
License
MIT License - see LICENSE for details.
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Run a computation in a separate process, bridging yields, throws, and results
back to the calling process via messages.
This is for running effectful computations from non-effectful code (e.g., LiveView).
If you're inside a computation and want concurrency, use Skuld.Effects.FiberPool instead.
Messages
The runner sends messages to the caller in the form {AsyncComputation, tag, result}:
	%ExternalSuspend{value: v, data: d, resume: nil} - computation yielded, waiting for resume
	%Throw{error: e} - computation threw an error
	%Cancelled{reason: r} - computation was cancelled
	Any other value - computation completed successfully

The ExternalSuspend.data field contains any decorations added by scoped effects
(e.g., EffectLogger attaches its log here). The resume field is always nil
in IPC messages since resume functions can't be sent between processes.
Example
# Build computation with handlers
computation =
  comp do
    result <- Command.execute(%CreateTodo{title: "Buy milk"})
    result
  end
  |> Command.with_handler(&DomainHandler.handle/1)
  |> Reader.with_handler(context, tag: CommandContext)
  |> EctoPersist.with_handler(Repo)

# Start async - will add Yield and Throw handlers
{:ok, runner} = AsyncComputation.start(computation, tag: :create_todo)

# Or start sync for fast-yielding computations
{:ok, runner, %ExternalSuspend{value: :ready}} =
  AsyncComputation.start_sync(computation, tag: :create_todo)

# In handle_info - single clause handles all messages for a tag:
def handle_info({AsyncComputation, :create_todo, result}, socket) do
  case result do
    %ExternalSuspend{value: value, data: data} ->
      handle_yield(value, data, socket)

    %Throw{error: error} ->
      handle_error(error, socket)

    %Cancelled{reason: reason} ->
      handle_cancelled(reason, socket)

    value ->
      handle_success(value, socket)
  end
end
With Yields
# Computation that yields for user input
computation =
  comp do
    name <- Yield.yield(:get_name)
    email <- Yield.yield(:get_email)
    create_user(name, email)
  end
  |> ...handlers...

{:ok, runner} = AsyncComputation.start(computation, tag: :create_user)

# Handle yields
def handle_info({AsyncComputation, :create_user, %ExternalSuspend{value: :get_name}}, socket) do
  # Maybe wait for user input, then:
  AsyncComputation.resume(runner, "Alice")
  {:noreply, socket}
end

def handle_info({AsyncComputation, :create_user, %ExternalSuspend{value: :get_email}}, socket) do
  AsyncComputation.resume(runner, "alice@example.com")
  {:noreply, socket}
end

def handle_info({AsyncComputation, :create_user, {:ok, user}}, socket) do
  {:noreply, assign(socket, user: user)}
end
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        cancel(async_computation)

      


        Cancel a running computation (async).



    


    
      
        cancel_sync(async_computation, opts \\ [])

      


        Cancel a running computation and wait for it to complete.



    


    
      
        resume(async_computation, value, opts \\ [])

      


        Resume a yielded computation with a value (async).



    


    
      
        resume_sync(async_computation, value, opts \\ [])

      


        Resume a yielded computation and wait synchronously for the next response.



    


    
      
        start(computation, opts)

      


        Start a computation in a separate process.



    


    
      
        start_sync(computation, opts)

      


        Start a computation and wait synchronously for the first response.
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          @type t() :: %Skuld.AsyncComputation{
  caller: pid(),
  monitor_ref: reference(),
  pid: pid(),
  ref: reference(),
  tag: term()
}
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          @spec cancel(t()) :: :ok


      


Cancel a running computation (async).
Sends a cancel signal to the computation. The computation will invoke leave_scope
for all active scoped effects (allowing cleanup), then send a
{AsyncComputation, tag, %Cancelled{reason: :cancelled}} message to the caller.
Use cancel_sync/2 if you need to wait for the cancellation to complete.

  



    

  
    
      
    
    
      cancel_sync(async_computation, opts \\ [])



        
          
        

    

  


  

      

          @spec cancel_sync(
  t(),
  keyword()
) :: Skuld.Comp.Cancelled.t() | {:error, :timeout}


      


Cancel a running computation and wait for it to complete.
Like cancel/1, but blocks until the computation has finished its cleanup
(invoking leave_scope for all active scoped effects) and returns the result.
This can be called from any process - the response will be sent to the calling
process, not necessarily the original caller from start/2.
Options
	:timeout - Maximum time to wait in ms (default: 5000)

Returns
	%Cancelled{reason: :cancelled} - computation was cancelled successfully
	{:error, :timeout} - timed out waiting for cancellation to complete

Example
{:ok, runner, %ExternalSuspend{value: :ready}} =
  AsyncComputation.start_sync(computation, tag: :worker)

# Cancel and wait for cleanup to finish
%Cancelled{reason: :cancelled} = AsyncComputation.cancel_sync(runner)

  



    

  
    
      
    
    
      resume(async_computation, value, opts \\ [])



        
          
        

    

  


  

      

          @spec resume(t(), term(), keyword()) :: :ok


      


Resume a yielded computation with a value (async).
Call this after receiving a {AsyncComputation, tag, %ExternalSuspend{}} message.
The next response will arrive via message to the caller (or :reply_to if specified).
Options
	:reply_to - Process to send the response to (default: original caller from start)


  



    

  
    
      
    
    
      resume_sync(async_computation, value, opts \\ [])



        
          
        

    

  


  

      

          @spec resume_sync(t(), term(), keyword()) ::
  Skuld.Comp.ExternalSuspend.t()
  | Skuld.Comp.Throw.t()
  | Skuld.Comp.Cancelled.t()
  | term()
  | {:error, :timeout}


      


Resume a yielded computation and wait synchronously for the next response.
Blocks until the computation yields again, completes, throws, or times out.
This can be called from any process - the response will be sent to the calling
process, not necessarily the original caller from start/2.
Options
	:timeout - Maximum time to wait in ms (default: 5000)

Returns
	%ExternalSuspend{value: v, data: d} - computation yielded again
	%Throw{error: e} - computation threw
	%Cancelled{reason: r} - computation cancelled
	Any other value - computation completed
	{:error, :timeout} - timed out waiting for response

Example
{:ok, runner} = AsyncComputation.start(computation, tag: :cmd)

# First yield arrives via message
receive do
  {AsyncComputation, :cmd, %ExternalSuspend{value: :ready}} -> :ok
end

# Now resume and wait synchronously
case AsyncComputation.resume_sync(runner, %SomeCommand{}) do
  %ExternalSuspend{value: :ready} -> # ready for next command
  %Throw{error: e} -> # something went wrong
  %Cancelled{reason: r} -> # was cancelled
  value -> # computation finished with value
end

  



  
    
      
    
    
      start(computation, opts)



        
          
        

    

  


  

      

          @spec start(
  Skuld.Comp.Types.computation(),
  keyword()
) :: {:ok, t()}


      


Start a computation in a separate process.
The computation will have Throw.with_handler/1 and Yield.with_handler/1
added automatically (outermost). Add your other handlers before calling start.
Options
	:tag - Required. Tag for messages, e.g. :create_todo
	:caller - Process to send messages to (default: self())
	:link - Whether to link the runner process (default: true)

Returns
{:ok, runner} where runner is used with resume/2 and cancel/1.

  



  
    
      
    
    
      start_sync(computation, opts)



        
          
        

    

  


  

      

          @spec start_sync(
  Skuld.Comp.Types.computation(),
  keyword()
) :: {:ok, t(), term()} | {:error, :timeout}


      


Start a computation and wait synchronously for the first response.
Use this when you know the computation will quickly yield after setup
(e.g., a command processor that immediately yields waiting for commands).
Avoids dealing with async messages for the initial handshake.
Options
Same as start/2, plus:
	:timeout - Maximum time to wait in ms (default: 5000)

Returns
	{:ok, runner, result} where result is one of:	%ExternalSuspend{value: v, data: d} - computation yielded
	%Throw{error: e} - computation threw
	%Cancelled{reason: r} - computation cancelled
	Any other value - computation completed


	{:error, :timeout} - timed out waiting for first response

Example
# Command processor that yields immediately for commands
{:ok, runner, %ExternalSuspend{value: :ready}} =
  command_processor
  |> Reader.with_handler(context)
  |> AsyncComputation.start_sync(tag: :processor)

# Now resume synchronously for quick commands
%ExternalSuspend{value: :ready} = AsyncComputation.resume_sync(runner, %QuickCommand{})

  


        

      


  

    
Skuld.Comp 
    



      
Skuld.Comp: Evidence-passing algebraic effects with scoped handlers.
Core Concepts
	Computation: (env, k -> {result, env}) - a suspended computation
	Result: Opaque value - framework doesn't impose shape
	Leave-scope: Continuation chain for scope cleanup/control
	ExternalSuspend: Sentinel struct that bypasses leave-scope

Auto-Lifting
Non-computation values are automatically lifted to pure(value). This enables
ergonomic patterns:
comp do
  x <- State.get()
  _ <- if x > 5, do: Writer.tell(:big)  # nil auto-lifted when false
  x * 2  # final expression auto-lifted (no return needed)
end
Architecture
Unlike Freyja's centralised interpreter, Skuld uses decentralised
evidence-passing. Run acts as a control authority - it recognizes
the ExternalSuspend sentinel and invokes the leave-scope chain - but treats
results as opaque.
Scoped effects (Reader.local, Catch) install leave-scope handlers
that can clean up env or redirect control flow.

      


      
        Summary


  
    Functions
  


    
      
        bind(comp, f)

      


        Sequence computations



    


    
      
        call(comp, env, k)

      


        Call a computation with validation and exception handling.



    


    
      
        call_handler(handler, args, env, k)

      


        Call an effect handler with exception handling.



    


    
      
        call_k(k, value, env)

      


        Call a continuation (k or leave_scope) with exception handling.



    


    
      
        cancel(external_suspend, env, reason)

      


        Cancel a suspended computation, invoking the leave_scope chain for cleanup.



    


    
      
        each(list, f)

      


        Apply f to each element for side effects, discarding results.



    


    
      
        effect(sig, args \\ nil)

      


        Invoke an effect operation



    


    
      
        flatten(comp)

      


        Flatten nested computations



    


    
      
        identity_k(val, env)

      


        identity continuation - for initial continuation & default leave-scope



    


    
      
        map(comp, f)

      


        Map over a computation's result



    


    
      
        pure(value)

      


        Lift a pure value into a computation



    


    
      
        return(value)

      


        Lift a pure value into a computation.



    


    
      
        run(comp)

      


        Run a computation to completion.



    


    
      
        run!(comp)

      


        Run a computation, extracting just the value (raises on ExternalSuspend/Throw)



    


    
      
        scoped(comp, setup)

      


        Create a scoped computation with a final continuation for cleanup and result transformation.



    


    
      
        sequence(comps)

      


        Sequence a list of computations.



    


    
      
        then_do(comp1, comp2)

      


        Sequence computations, ignoring first result



    


    
      
        traverse(list, f)

      


        Apply f to each element, sequence the resulting computations.



    


    
      
        with_handler(comp, sig, handler)

      


        Install a scoped handler for an effect.



    


    
      
        with_scoped_state(comp, state_key, initial, opts \\ [])

      


        Install scoped state for a computation with automatic save/restore.



    





      


      
        Functions


        


  
    
      
    
    
      bind(comp, f)



        
          
        

    

  


  

      

          @spec bind(Skuld.Comp.Types.computation(), (term() -> Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Sequence computations

  



  
    
      
    
    
      call(comp, env, k)



        
          
        

    

  


  

      

          @spec call(
  Skuld.Comp.Types.computation(),
  Skuld.Comp.Types.env(),
  Skuld.Comp.Types.k()
) ::
  {Skuld.Comp.Types.result(), Skuld.Comp.Types.env()}


      


Call a computation with validation and exception handling.
Raises a helpful error if the value is not a valid computation (2-arity function).
This catches common mistakes like forgetting return(value) at the end of a comp block.
Elixir exceptions (raise/throw/exit) are caught and converted to Throw effects,
allowing them to be handled uniformly with effect-based errors via catch_error.
Note: InvalidComputation errors (validation failures) are re-raised rather than
converted to Throws, since they represent programming bugs that should fail fast.

  



  
    
      
    
    
      call_handler(handler, args, env, k)



        
          
        

    

  


  

      

          @spec call_handler(
  Skuld.Comp.Types.handler(),
  term(),
  Skuld.Comp.Types.env(),
  Skuld.Comp.Types.k()
) ::
  {Skuld.Comp.Types.result(), Skuld.Comp.Types.env()}


      


Call an effect handler with exception handling.
Similar to call/3 but for 3-arity handlers. Exceptions in handler code
are caught and converted to Throw effects.

  



  
    
      
    
    
      call_k(k, value, env)



        
          
        

    

  


  

      

          @spec call_k(Skuld.Comp.Types.k(), term(), Skuld.Comp.Types.env()) ::
  {Skuld.Comp.Types.result(), Skuld.Comp.Types.env()}


      


Call a continuation (k or leave_scope) with exception handling.
Continuations have signature (value, env) -> {value, env}. Unlike call/3
which handles computations, this handles the simpler continuation case where
we just need to catch Elixir exceptions and convert them to Throw effects.
Used in scoped/2 to wrap calls to finally_k.

  



  
    
      
    
    
      cancel(external_suspend, env, reason)



        
          
        

    

  


  

      

          @spec cancel(Skuld.Comp.ExternalSuspend.t(), Skuld.Comp.Types.env(), term()) ::
  {Skuld.Comp.Cancelled.t(), Skuld.Comp.Types.env()}


      


Cancel a suspended computation, invoking the leave_scope chain for cleanup.
When a computation yields (returns %ExternalSuspend{}), the caller can either:
	Resume it with suspend.resume.(input)
	Cancel it with Comp.cancel(suspend, env, reason)

Cancellation creates a %Cancelled{reason: reason} result and invokes the
leave_scope chain, allowing effects to clean up resources.
Example
# Run until suspension
{%ExternalSuspend{} = suspend, env} = Comp.run(my_yielding_comp)

# Decide to cancel instead of resume
{%Cancelled{reason: :timeout}, final_env} =
  Comp.cancel(suspend, env, :timeout)
Effect Cleanup
Effects can detect cancellation in their leave_scope handlers:
my_leave_scope = fn result, env ->
  case result do
    %Cancelled{} -> cleanup_my_resources(env)
    _ -> :ok
  end
  {result, env}
end

  



  
    
      
    
    
      each(list, f)



        
          
        

    

  


  

      

          @spec each(list(), (term() -> Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Apply f to each element for side effects, discarding results.
Like traverse/2 but returns :ok instead of collecting results.
Useful when you only care about effects (e.g., Writer.tell), not values.
Example
comp do
  _ <- Comp.each(items, &Writer.tell/1)
  return(:done)
end

  



    

  
    
      
    
    
      effect(sig, args \\ nil)



        
          
        

    

  


  

      

          @spec effect(Skuld.Comp.Types.sig(), term()) :: Skuld.Comp.Types.computation()


      


Invoke an effect operation

  



  
    
      
    
    
      flatten(comp)



        
          
        

    

  


  

      

          @spec flatten(Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      


Flatten nested computations

  



  
    
      
    
    
      identity_k(val, env)



        
          
        

    

  


  

identity continuation - for initial continuation & default leave-scope

  



  
    
      
    
    
      map(comp, f)



        
          
        

    

  


  

      

          @spec map(Skuld.Comp.Types.computation(), (term() -> term())) ::
  Skuld.Comp.Types.computation()


      


Map over a computation's result

  



  
    
      
    
    
      pure(value)



        
          
        

    

  


  

      

          @spec pure(term()) :: Skuld.Comp.Types.computation()


      


Lift a pure value into a computation

  



  
    
      
    
    
      return(value)



        
          
        

    

  


  

      

          @spec return(term()) :: Skuld.Comp.Types.computation()


      


Lift a pure value into a computation.
Alias for pure/1. Provided for ergonomic use both inside and outside
comp blocks. Inside comp blocks, use the imported return/1 from
Skuld.Comp.BaseOps. Outside comp blocks, use Comp.return/1 directly.
Example
# Inside a comp block (return is imported)
comp do
  x <- State.get()
  return(x + 1)
end

# Outside a comp block
fn x -> Comp.return(x * 2) end

  



  
    
      
    
    
      run(comp)



        
          
        

    

  


  

      

          @spec run(Skuld.Comp.Types.computation()) ::
  {Skuld.Comp.Types.result(), Skuld.Comp.Types.env()}


      


Run a computation to completion.
Creates a fresh environment internally - all handler installation should
be done via with_handler on the computation.
Uses ISentinel protocol to determine completion behavior:
	ExternalSuspend: bypasses leave-scope chain
	Other values: invoke leave-scope chain

Example
{result, _env} =
  my_comp
  |> State.with_handler(0)
  |> Reader.with_handler(:config)
  |> Comp.run()

  



  
    
      
    
    
      run!(comp)



        
          
        

    

  


  

      

          @spec run!(Skuld.Comp.Types.computation()) :: term()


      


Run a computation, extracting just the value (raises on ExternalSuspend/Throw)

  



  
    
      
    
    
      scoped(comp, setup)



        
          
        

    

  


  

      

          @spec scoped(
  Skuld.Comp.Types.computation(),
  (Skuld.Comp.Types.env() ->
     {Skuld.Comp.Types.env(), Skuld.Comp.Types.leave_scope()})
) :: Skuld.Comp.Types.computation()


      


Create a scoped computation with a final continuation for cleanup and result transformation.
The setup function receives the current env and must return
{modified_env, finally_k} where finally_k :: (value, env) -> {value, env}
is a continuation that runs when the scope exits.
This enables Koka-style with semantics where handlers can transform
computation results (e.g., wrapping with collected state, logs, etc.).
The finally_k continuation is called on both:
	Normal exit: before continuing to outer computation
	Abnormal exit: during leave-scope unwinding (e.g., throw)

The previous leave-scope is automatically restored in both paths.
The argument order is pipe-friendly (computation first).
Example - Environment restoration only
def local(modify, comp) do
  comp
  |> Skuld.Comp.scoped(fn env ->
    current = Env.get_state(env, @sig)
    modified_env = Env.put_state(env, @sig, modify.(current))
    finally_k = fn value, e -> {value, Env.put_state(e, @sig, current)} end
    {modified_env, finally_k}
  end)
end
Example - Result transformation (like EffectLogger)
def with_logging(comp) do
  comp
  |> Skuld.Comp.scoped(fn env ->
    env_with_log = Env.put_state(env, :log, [])

    finally_k = fn value, e ->
      log = Env.get_state(e, :log)
      cleaned = Map.delete(e.state, :log)
      {{value, Enum.reverse(log)}, %{e | state: cleaned}}
    end

    {env_with_log, finally_k}
  end)
end

  



  
    
      
    
    
      sequence(comps)



        
          
        

    

  


  

      

          @spec sequence([Skuld.Comp.Types.computation()]) :: Skuld.Comp.Types.computation()


      


Sequence a list of computations.
Runs each computation in order, collecting results into a list.
Uses a tail-recursive accumulator to avoid stack overflow on large lists.

  



  
    
      
    
    
      then_do(comp1, comp2)



        
          
        

    

  


  

      

          @spec then_do(Skuld.Comp.Types.computation(), Skuld.Comp.Types.computation()) ::
  Skuld.Comp.Types.computation()


      


Sequence computations, ignoring first result

  



  
    
      
    
    
      traverse(list, f)



        
          
        

    

  


  

      

          @spec traverse(list(), (term() -> Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Apply f to each element, sequence the resulting computations.
Uses a tail-recursive accumulator to avoid stack overflow on large lists.

  



  
    
      
    
    
      with_handler(comp, sig, handler)



        
          
        

    

  


  

      

          @spec with_handler(
  Skuld.Comp.Types.computation(),
  Skuld.Comp.Types.sig(),
  Skuld.Comp.Types.handler()
) ::
  Skuld.Comp.Types.computation()


      


Install a scoped handler for an effect.
The handler is installed for the duration of comp and then restored
to its previous state (or removed if there was no previous handler).
This allows "shadowing" handlers - an inner computation can have its
own handler for an effect while an outer handler exists.
The argument order is pipe-friendly (computation first).
Example
# Create a computation with its own State handler
inner =
  comp do
    x <- State.get()
    _ <- State.put(x + 1)
    return(x)
  end
  |> Comp.with_handler(State, &State.handle/3)

# Use it - inner State is independent of outer State
outer = comp do
  _ <- State.put(100)
  result <- inner        # uses inner's handler
  y <- State.get()       # uses outer's handler, still 100
  return({result, y})
end

  



    

  
    
      
    
    
      with_scoped_state(comp, state_key, initial, opts \\ [])



        
          
        

    

  


  

      

          @spec with_scoped_state(Skuld.Comp.Types.computation(), term(), term(), keyword()) ::
  Skuld.Comp.Types.computation()


      


Install scoped state for a computation with automatic save/restore.
This is a common pattern used by effect handlers to manage state that should
be isolated to a computation scope. On entry, saves previous state (if any)
and sets initial state. On exit (normal or throw), restores previous state
or removes it if there was none.
Options
	:output - optional function (result, final_state) -> new_result to
transform the result using the final state value before returning.
	:suspend - optional function (ExternalSuspend.t(), env) -> {ExternalSuspend.t(), env} to
decorate ExternalSuspend values when yielding. Allows attaching scoped state to suspends.
	:default - default value when reading final state (default: nil)

Example
# Simple usage - state is saved/restored automatically
comp
|> Comp.with_scoped_state(state_key, initial_value)
|> Comp.with_handler(sig, handler)

# With output transformation - include final state in result
comp
|> Comp.with_scoped_state(state_key, initial, output: fn result, final -> {result, final} end)
|> Comp.with_handler(sig, handler)

# With suspend decoration - attach state to ExternalSuspend.data when yielding
comp
|> Comp.with_scoped_state(state_key, initial,
  suspend: fn s, env ->
    state = Env.get_state(env, state_key)
    data = s.data || %{}
    {%{s | data: Map.put(data, :my_state, state)}, env}
  end
)

  


        

      


  

    
Skuld.Syntax 
    



      
Unified syntax module providing do-notation macros for Skuld computations.
Usage
use Skuld.Syntax

# Now you have access to:
# - comp (inline computation block)
# - defcomp, defcompp (function definitions)
Example
use Skuld.Syntax
alias Skuld.Effects.State

comp do
  x <- State.get()
  y = x + 1
  _ <- State.put(y)
  return(y)
end
Defining Functions
defcomp increment() do
  x <- State.get()
  _ <- State.put(x + 1)
  return(x + 1)
end

defcompp private_helper() do
  ctx <- Reader.ask()
  return(ctx.value)
end
Syntax Reference
	x <- effect() - bind the result of an effectful computation
	x = expr - pure variable binding (unchanged)
	return(value) - lift a pure value into a computation (optional - see auto-lifting)
	Last expression is auto-lifted if not already a computation

Auto-Lifting
Non-computation values are automatically wrapped in pure(). This means:
	Final expressions don't need return(): x + 1 works as final line
	if without else works: _ <- if cond, do: effect() (nil auto-lifted)
	Any plain value in a bind position is treated as pure(value)

See Also
	Skuld.Comp.CompBlock - macro implementation details
	Skuld.Comp - core computation primitives


      




  

    
Skuld.Effects.Reader 
    



      
Reader effect - access an immutable environment value.
Supports both simple single-context usage and multiple independent contexts via tags.
Simple Usage (default tag)
use Skuld.Syntax
alias Skuld.Effects.Reader

comp do
  cfg <- Reader.ask()
  cfg.name
end
|> Reader.with_handler(%{name: "alice"})
|> Comp.run!()
#=> "alice"
Multiple Contexts (explicit tags)
comp do
  db <- Reader.ask(:db)
  api <- Reader.ask(:api)
  {db.host, api.url}
end
|> Reader.with_handler(%{host: "localhost"}, tag: :db)
|> Reader.with_handler(%{url: "https://api.example.com"}, tag: :api)
|> Comp.run!()
#=> {"localhost", "https://api.example.com"}

      


      
        Summary


  
    Functions
  


    
      
        __handle__(comp, value)

      


        Install Reader handler via catch clause syntax.



    


    
      
        ask(tag \\ Skuld.Effects.Reader)

      


        Read the current environment value.



    


    
      
        asks(f)

      


        Read and apply a function to the environment value.



    


    
      
        asks(tag, f)

      


    


    
      
        get_context(env, tag \\ Skuld.Effects.Reader)

      


        Extract the context value for the given tag from an env



    


    
      
        local(modify, comp)

      


        Run a computation with a modified environment value.



    


    
      
        local(tag, modify, comp)

      


    


    
      
        state_key(tag)

      


        Returns the env.state key used for a given tag.



    


    
      
        with_handler(comp, value, opts \\ [])

      


        Install a scoped Reader handler for a computation.



    





      


      
        Functions


        


  
    
      
    
    
      __handle__(comp, value)



        
          
        

    

  


  

Install Reader handler via catch clause syntax.
Accepts either value or {value, opts}:
catch
  Reader -> %{config: true}
  Reader -> {%{config: true}, tag: :my_reader}

  



    

  
    
      
    
    
      ask(tag \\ Skuld.Effects.Reader)



        
          
        

    

  


  

      

          @spec ask(atom()) :: Skuld.Comp.Types.computation()


      


Read the current environment value.
Examples
Reader.ask()        # use default tag
Reader.ask(:config) # use explicit tag

  



  
    
      
    
    
      asks(f)



        
          
        

    

  


  

      

          @spec asks((term() -> term())) :: Skuld.Comp.Types.computation()


      


Read and apply a function to the environment value.
Examples
Reader.asks(&Map.get(&1, :name))           # use default tag
Reader.asks(:user, &Map.get(&1, :name))    # use explicit tag

  



  
    
      
    
    
      asks(tag, f)



        
          
        

    

  


  

      

          @spec asks(atom(), (term() -> term())) :: Skuld.Comp.Types.computation()


      



  



    

  
    
      
    
    
      get_context(env, tag \\ Skuld.Effects.Reader)



        
          
        

    

  


  

      

          @spec get_context(Skuld.Comp.Types.env(), atom()) :: term()


      


Extract the context value for the given tag from an env

  



  
    
      
    
    
      local(modify, comp)



        
          
        

    

  


  

      

          @spec local((term() -> term()), Skuld.Comp.Types.computation()) ::
  Skuld.Comp.Types.computation()


      


Run a computation with a modified environment value.
Examples
Reader.local(&Map.put(&1, :debug, true), comp)           # use default tag
Reader.local(:config, &Map.put(&1, :debug, true), comp)  # use explicit tag

  



  
    
      
    
    
      local(tag, modify, comp)



        
          
        

    

  


  

      

          @spec local(atom(), (term() -> term()), Skuld.Comp.Types.computation()) ::
  Skuld.Comp.Types.computation()


      



  



  
    
      
    
    
      state_key(tag)



        
          
        

    

  


  

      

          @spec state_key(atom()) :: {module(), atom()}


      


Returns the env.state key used for a given tag.
Useful for configuring EffectLogger's state_keys filter.
Examples
# Only capture Reader context in EffectLogger snapshots
EffectLogger.with_logging(state_keys: [Reader.state_key(:config)])

# Multiple contexts
EffectLogger.with_logging(state_keys: [
  Reader.state_key(:db),
  Reader.state_key(:api)
])

  



    

  
    
      
    
    
      with_handler(comp, value, opts \\ [])



        
          
        

    

  


  

      

          @spec with_handler(Skuld.Comp.Types.computation(), term(), keyword()) ::
  Skuld.Comp.Types.computation()


      


Install a scoped Reader handler for a computation.
Options
	tag - the context tag (default: Skuld.Effects.Reader)

Examples
# Simple usage with default tag
comp do
  cfg <- Reader.ask()
  cfg.name
end
|> Reader.with_handler(%{name: "alice"})
|> Comp.run!()
#=> "alice"

# With explicit tag
comp do
  db <- Reader.ask(:db)
  db.host
end
|> Reader.with_handler(%{host: "localhost"}, tag: :db)
|> Comp.run!()
#=> "localhost"

# Multiple contexts
comp do
  db <- Reader.ask(:db)
  cache <- Reader.ask(:cache)
  {db, cache}
end
|> Reader.with_handler(%{host: "db.local"}, tag: :db)
|> Reader.with_handler(%{host: "cache.local"}, tag: :cache)
|> Comp.run!()
#=> {%{host: "db.local"}, %{host: "cache.local"}}

  


        

      


  

    
Skuld.Effects.State 
    



      
State effect - mutable state threaded through computation.
Supports both simple single-state usage and multiple independent states via tags.
Simple Usage (default tag)
use Skuld.Syntax
alias Skuld.Effects.State

comp do
  n <- State.get()
  _ <- State.put(n + 1)
  n
end
|> State.with_handler(0)
|> Comp.run!()
#=> 0
Multiple States (explicit tags)
comp do
  _ <- State.put(:counter, 0)
  _ <- State.modify(:counter, &(&1 + 1))
  count <- State.get(:counter)
  _ <- State.put(:name, "alice")
  name <- State.get(:name)
  {count, name}
end
|> State.with_handler(0, tag: :counter)
|> State.with_handler("", tag: :name)
|> Comp.run!()
#=> {1, "alice"}

      


      
        Summary


  
    Functions
  


    
      
        __handle__(comp, initial)

      


        Install State handler via catch clause syntax.



    


    
      
        get(tag \\ Skuld.Effects.State)

      


        Get the current state.



    


    
      
        get_state(env, tag \\ Skuld.Effects.State)

      


        Extract the state for the given tag from an env



    


    
      
        gets(f)

      


        Get a value derived from the state.



    


    
      
        gets(tag, f)

      


    


    
      
        modify(f)

      


        Modify the state with a function, returning the old value.



    


    
      
        modify(tag, f)

      


    


    
      
        put(value)

      


        Replace the state, returning %Change{old: old_state, new: new_state}.



    


    
      
        put(tag, value)

      


    


    
      
        state_key(tag)

      


        Returns the env.state key used for a given tag.



    


    
      
        with_handler(comp, initial, opts \\ [])

      


        Install a scoped State handler for a computation.



    





      


      
        Functions


        


  
    
      
    
    
      __handle__(comp, initial)



        
          
        

    

  


  

Install State handler via catch clause syntax.
Accepts either initial or {initial, opts}:
catch
  State -> 0                          # initial value
  State -> {0, output: fn r, s -> {r, s} end}  # with opts

  



    

  
    
      
    
    
      get(tag \\ Skuld.Effects.State)



        
          
        

    

  


  

      

          @spec get(atom()) :: Skuld.Comp.Types.computation()


      


Get the current state.
Examples
State.get()           # use default tag
State.get(:counter)   # use explicit tag

  



    

  
    
      
    
    
      get_state(env, tag \\ Skuld.Effects.State)



        
          
        

    

  


  

      

          @spec get_state(Skuld.Comp.Types.env(), atom()) :: term()


      


Extract the state for the given tag from an env

  



  
    
      
    
    
      gets(f)



        
          
        

    

  


  

      

          @spec gets((term() -> term())) :: Skuld.Comp.Types.computation()


      


Get a value derived from the state.
Examples
State.gets(&Map.get(&1, :name))              # use default tag
State.gets(:user, &Map.get(&1, :name))       # use explicit tag

  



  
    
      
    
    
      gets(tag, f)



        
          
        

    

  


  

      

          @spec gets(atom(), (term() -> term())) :: Skuld.Comp.Types.computation()


      



  



  
    
      
    
    
      modify(f)



        
          
        

    

  


  

      

          @spec modify((term() -> term())) :: Skuld.Comp.Types.computation()


      


Modify the state with a function, returning the old value.
Examples
State.modify(&(&1 + 1))              # use default tag
State.modify(:counter, &(&1 + 1))    # use explicit tag

  



  
    
      
    
    
      modify(tag, f)



        
          
        

    

  


  

      

          @spec modify(atom(), (term() -> term())) :: Skuld.Comp.Types.computation()


      



  



  
    
      
    
    
      put(value)



        
          
        

    

  


  

      

          @spec put(term()) :: Skuld.Comp.Types.computation()


      


Replace the state, returning %Change{old: old_state, new: new_state}.
Examples
State.put(42)              # use default tag
State.put(:counter, 42)    # use explicit tag

  



  
    
      
    
    
      put(tag, value)



        
          
        

    

  


  

      

          @spec put(atom(), term()) :: Skuld.Comp.Types.computation()


      



  



  
    
      
    
    
      state_key(tag)



        
          
        

    

  


  

      

          @spec state_key(atom()) :: {module(), atom()}


      


Returns the env.state key used for a given tag.
Useful for configuring EffectLogger's state_keys filter.
Examples
# Only capture State effect data in EffectLogger snapshots
EffectLogger.with_logging(state_keys: [State.state_key(MyApp.Counter)])

# Multiple states
EffectLogger.with_logging(state_keys: [
  State.state_key(:counter),
  State.state_key(:user)
])

  



    

  
    
      
    
    
      with_handler(comp, initial, opts \\ [])



        
          
        

    

  


  

      

          @spec with_handler(Skuld.Comp.Types.computation(), term(), keyword()) ::
  Skuld.Comp.Types.computation()


      


Install a scoped State handler for a computation.
Options
	tag - the state tag (default: Skuld.Effects.State)
	output - optional function (result, final_state) -> new_result
to transform the result before returning.

Examples
# Simple usage with default tag
comp do
  x <- State.get()
  _ <- State.put(x + 1)
  x
end
|> State.with_handler(0)
|> Comp.run!()
#=> 0

# With explicit tag
comp do
  x <- State.get(:counter)
  _ <- State.put(:counter, x + 1)
  x
end
|> State.with_handler(0, tag: :counter)
|> Comp.run!()
#=> 0

# Include final state in result
comp do
  _ <- State.modify(&(&1 + 1))
  :done
end
|> State.with_handler(5, output: fn result, state -> {result, state} end)
|> Comp.run!()
#=> {:done, 6}

# Multiple states
comp do
  a <- State.get(:a)
  b <- State.get(:b)
  {a, b}
end
|> State.with_handler(1, tag: :a)
|> State.with_handler(2, tag: :b)
|> Comp.run!()
#=> {1, 2}

  


        

      


  

    
Skuld.Effects.Writer 
    



      
Writer effect - accumulate a log during computation.
Supports both simple single-log usage and multiple independent logs via tags.
Simple Usage (default tag)
use Skuld.Syntax
alias Skuld.Effects.Writer

comp do
  _ <- Writer.tell("step 1")
  _ <- Writer.tell("step 2")
  :done
end
|> Writer.with_handler([], output: fn result, log -> {result, log} end)
|> Comp.run!()
#=> {:done, ["step 2", "step 1"]}
Multiple Logs (explicit tags)
comp do
  _ <- Writer.tell(:audit, "user logged in")
  _ <- Writer.tell(:metrics, {:counter, :login, 1})
  _ <- Writer.tell(:audit, "user viewed dashboard")
  :ok
end
|> Writer.with_handler([], tag: :audit, output: fn r, log -> {r, log} end)
|> Writer.with_handler([], tag: :metrics)
|> Comp.run!()
#=> {:ok, ["user viewed dashboard", "user logged in"]}
Scoped Operations and Throw
The scoped operations (listen, pass, censor) use a peek-before/peek-after
pattern to calculate captured logs. This means on abnormal exit (throw):
	Logs written before the throw persist in state (not rolled back)
	listen does not capture partial logs - the throw propagates out
	censor does not apply its transform - logs leak out untransformed

This "fire-and-forget" semantic is intentional for logging (you typically want
to see logs leading up to an error).

      


      
        Summary


  
    Functions
  


    
      
        __handle__(comp, initial)

      


        Install Writer handler via catch clause syntax.



    


    
      
        censor(comp, transform_fn)

      


        Censor: transform all logs written during a computation.



    


    
      
        censor(tag, comp, transform_fn)

      


    


    
      
        clear(tag \\ Skuld.Effects.Writer)

      


        Clear the log.



    


    
      
        get_log(env, tag \\ Skuld.Effects.Writer)

      


        Get the accumulated log from the environment.



    


    
      
        listen(comp)

      


        Run a computation and capture its log output.



    


    
      
        listen(tag, comp)

      


    


    
      
        pass(comp)

      


        Run a computation that returns {value, log_transform_fn}.



    


    
      
        pass(tag, comp)

      


    


    
      
        peek(tag \\ Skuld.Effects.Writer)

      


        Read the current log (reverse chronological order).



    


    
      
        state_key(tag)

      


        Returns the env.state key used for a given tag.



    


    
      
        tell(msg)

      


        Append a message to the log.



    


    
      
        tell(tag, msg)

      


    


    
      
        tell_many(messages)

      


        Tell multiple messages.



    


    
      
        tell_many(tag, messages)

      


    


    
      
        with_handler(comp, initial \\ [], opts \\ [])

      


        Install a scoped Writer handler for a computation.



    





      


      
        Functions


        


  
    
      
    
    
      __handle__(comp, initial)



        
          
        

    

  


  

Install Writer handler via catch clause syntax.
Accepts nil, initial, or {initial, opts}:
catch
  Writer -> nil                          # empty initial
  Writer -> []                           # explicit empty initial
  Writer -> {[], output: fn r, l -> {r, Enum.reverse(l)} end}

  



  
    
      
    
    
      censor(comp, transform_fn)



        
          
        

    

  


  

      

          @spec censor(Skuld.Comp.Types.computation(), (list() -> list())) ::
  Skuld.Comp.Types.computation()


      


Censor: transform all logs written during a computation.
Examples
Writer.censor(comp, &Enum.map(&1, fn m -> "[REDACTED]" end))
Writer.censor(:audit, comp, &Enum.reverse/1)

  



  
    
      
    
    
      censor(tag, comp, transform_fn)



        
          
        

    

  


  

      

          @spec censor(atom(), Skuld.Comp.Types.computation(), (list() -> list())) ::
  Skuld.Comp.Types.computation()


      



  



    

  
    
      
    
    
      clear(tag \\ Skuld.Effects.Writer)



        
          
        

    

  


  

      

          @spec clear(atom()) :: Skuld.Comp.Types.computation()


      


Clear the log.
Examples
Writer.clear()        # use default tag
Writer.clear(:audit)  # use explicit tag

  



    

  
    
      
    
    
      get_log(env, tag \\ Skuld.Effects.Writer)



        
          
        

    

  


  

      

          @spec get_log(Skuld.Comp.Types.env(), atom()) :: [term()]


      


Get the accumulated log from the environment.
Examples
Writer.get_log(env)          # use default tag
Writer.get_log(env, :audit)  # use explicit tag

  



  
    
      
    
    
      listen(comp)



        
          
        

    

  


  

      

          @spec listen(Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      


Run a computation and capture its log output.
Returns {result, captured_log} where captured_log contains only
the messages written during the inner computation.
Examples
Writer.listen(comp)          # use default tag
Writer.listen(:audit, comp)  # use explicit tag

  



  
    
      
    
    
      listen(tag, comp)



        
          
        

    

  


  

      

          @spec listen(atom(), Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      



  



  
    
      
    
    
      pass(comp)



        
          
        

    

  


  

      

          @spec pass(Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      


Run a computation that returns {value, log_transform_fn}.
The transform function is applied to the logs written during the computation.
Examples
Writer.pass(comp)          # use default tag
Writer.pass(:audit, comp)  # use explicit tag

  



  
    
      
    
    
      pass(tag, comp)



        
          
        

    

  


  

      

          @spec pass(atom(), Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      



  



    

  
    
      
    
    
      peek(tag \\ Skuld.Effects.Writer)



        
          
        

    

  


  

      

          @spec peek(atom()) :: Skuld.Comp.Types.computation()


      


Read the current log (reverse chronological order).
Examples
Writer.peek()        # use default tag
Writer.peek(:audit)  # use explicit tag

  



  
    
      
    
    
      state_key(tag)



        
          
        

    

  


  

      

          @spec state_key(atom()) :: {module(), atom()}


      


Returns the env.state key used for a given tag.
Useful for configuring EffectLogger's state_keys filter.
Examples
# Only capture Writer log in EffectLogger snapshots
EffectLogger.with_logging(state_keys: [Writer.state_key(:audit)])

# Multiple logs
EffectLogger.with_logging(state_keys: [
  Writer.state_key(:audit),
  Writer.state_key(:metrics)
])

  



  
    
      
    
    
      tell(msg)



        
          
        

    

  


  

      

          @spec tell(term()) :: Skuld.Comp.Types.computation()


      


Append a message to the log.
Examples
Writer.tell("message")           # use default tag
Writer.tell(:audit, "message")   # use explicit tag

  



  
    
      
    
    
      tell(tag, msg)



        
          
        

    

  


  

      

          @spec tell(atom(), term()) :: Skuld.Comp.Types.computation()


      



  



  
    
      
    
    
      tell_many(messages)



        
          
        

    

  


  

      

          @spec tell_many([term()]) :: Skuld.Comp.Types.computation()


      


Tell multiple messages.
Examples
Writer.tell_many(["a", "b", "c"])           # use default tag
Writer.tell_many(:audit, ["a", "b", "c"])   # use explicit tag

  



  
    
      
    
    
      tell_many(tag, messages)



        
          
        

    

  


  

      

          @spec tell_many(atom(), [term()]) :: Skuld.Comp.Types.computation()


      



  



    

    

  
    
      
    
    
      with_handler(comp, initial \\ [], opts \\ [])



        
          
        

    

  


  

      

          @spec with_handler(Skuld.Comp.Types.computation(), list(), keyword()) ::
  Skuld.Comp.Types.computation()


      


Install a scoped Writer handler for a computation.
Options
	tag - the log tag (default: Skuld.Effects.Writer)
	output - optional function (result, final_log) -> new_result
to transform the result before returning.

Examples
# Simple usage with default tag
comp do
  _ <- Writer.tell("step 1")
  _ <- Writer.tell("step 2")
  :done
end
|> Writer.with_handler()
|> Comp.run!()
#=> :done

# Include final log in result
comp do
  _ <- Writer.tell("step 1")
  :done
end
|> Writer.with_handler([], output: fn result, log -> {result, log} end)
|> Comp.run!()
#=> {:done, ["step 1"]}

# With explicit tag
comp do
  _ <- Writer.tell(:audit, "action 1")
  :done
end
|> Writer.with_handler([], tag: :audit, output: fn r, log -> {r, log} end)
|> Comp.run!()
#=> {:done, ["action 1"]}

# Multiple logs
comp do
  _ <- Writer.tell(:foo, "message 1")
  _ <- Writer.tell(:bar, "message 2")
  :done
end
|> Writer.with_handler([], tag: :foo)
|> Writer.with_handler([], tag: :bar)
|> Comp.run!()
#=> :done

  


        

      


  

    
Skuld.Effects.Bracket 
    



      
Bracket effect for safe resource acquisition and cleanup.
Bracket ensures that resources are properly released even when errors occur.
This is essential for managing resources like file handles, database connections,
locks, and network connections.
Overview
The bracket/3 function takes three arguments:
	acquire - Computation that acquires a resource
	release_fn - Function (resource -> computation) that releases the resource
	use_fn - Function (resource -> computation) that uses the resource

The release function is guaranteed to run exactly once, whether the use
computation succeeds or throws an error.
Example
import Skuld.Syntax

result <- Bracket.bracket(
  # Acquire resource
  comp do
    handle <- open_file("data.txt")
    return(handle)
  end,
  # Release (always runs)
  fn handle ->
    comp do
      _ <- close_file(handle)
      return(:ok)
    end
  end,
  # Use resource
  fn handle ->
    comp do
      content <- read_file(handle)
      return(process(content))
    end
  end
)
Error Handling
If the use computation throws an error, the release function runs before
the error is re-thrown:
Bracket.bracket(
  acquire_connection(),
  fn conn -> release_connection(conn) end,
  fn conn ->
    comp do
      # If this throws, conn is still released
      result <- dangerous_operation(conn)
      return(result)
    end
  end
)
If the release function itself throws:
	If the use computation succeeded, the release error propagates
	If the use computation threw, the original error propagates (release error is suppressed)

Nested Brackets
Brackets can be nested. Each bracket manages its own resource independently:
Bracket.bracket(
  acquire_outer(),
  fn outer -> release_outer(outer) end,
  fn outer ->
    comp do
      inner_result <- Bracket.bracket(
        acquire_inner(),
        fn inner -> release_inner(inner) end,
        fn inner -> use_both(outer, inner) end
      )
      return(inner_result)
    end
  end
)
Resources are released in LIFO order (inner first, then outer).
Convenience Functions
	bracket/3 - Full bracket with acquire, release, and use
	bracket_/2 - Simplified bracket when acquire returns the resource directly
	finally/2 - Just ensure cleanup runs (no resource passing)


      


      
        Summary


  
    Functions
  


    
      
        bracket(acquire, release_fn, use_fn)

      


        Acquire a resource, use it, and ensure it is released.



    


    
      
        bracket_(resource, release_fn, use_fn)

      


        Simplified bracket when acquire computation directly returns the resource.



    


    
      
        finally(comp, cleanup)

      


        Ensure cleanup runs after a computation, regardless of success or failure.



    





      


      
        Functions


        


  
    
      
    
    
      bracket(acquire, release_fn, use_fn)



        
          
        

    

  


  

      

          @spec bracket(
  Skuld.Comp.Types.computation(),
  (term() -> Skuld.Comp.Types.computation()),
  (term() ->
     Skuld.Comp.Types.computation())
) ::
  Skuld.Comp.Types.computation()


      


Acquire a resource, use it, and ensure it is released.
The release function is guaranteed to run exactly once, whether the use
computation succeeds or throws an error.
Parameters
	acquire - Computation that acquires a resource
	release_fn - Function (resource -> computation) that releases the resource
	use_fn - Function (resource -> computation) that uses the resource

Returns
A computation that returns the result of the use function.
Example
Bracket.bracket(
  comp do
    Logger.info("Acquiring lock")
    lock <- Lock.acquire(:my_lock)
    return(lock)
  end,
  fn lock ->
    comp do
      Logger.info("Releasing lock")
      _ <- Lock.release(lock)
      return(:ok)
    end
  end,
  fn lock ->
    comp do
      # Critical section - lock is held
      result <- do_work()
      return(result)
    end
  end
)

  



  
    
      
    
    
      bracket_(resource, release_fn, use_fn)



        
          
        

    

  


  

      

          @spec bracket_(term(), (term() -> Skuld.Comp.Types.computation()), (term() ->
                                                                Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Simplified bracket when acquire computation directly returns the resource.
This is a convenience wrapper when you don't need a separate acquire computation.
Example
# Instead of:
Bracket.bracket(
  Comp.pure(file_handle),
  fn h -> close(h) end,
  fn h -> read(h) end
)

# You can write:
Bracket.bracket_(
  file_handle,
  fn h -> close(h) end,
  fn h -> read(h) end
)

  



  
    
      
    
    
      finally(comp, cleanup)



        
          
        

    

  


  

      

          @spec finally(Skuld.Comp.Types.computation(), Skuld.Comp.Types.computation()) ::
  Skuld.Comp.Types.computation()


      


Ensure cleanup runs after a computation, regardless of success or failure.
This is like bracket but without resource passing - just ensures the
cleanup computation runs.
Example
Bracket.finally(
  comp do
    _ <- Logger.info("Starting operation")
    result <- do_work()
    return(result)
  end,
  comp do
    _ <- Logger.info("Operation complete")
    return(:ok)
  end
)

  


        

      


  

    
Skuld.Effects.Throw 
    



      
Throw/Catch effects - error handling with scoped catching.
Uses the %Skuld.Comp.Throw{} struct as the error result type, which
is intercepted by catch_error via leave_scope.
Architecture
	throw(error) returns %Throw{error: error} as the result
	catch_error installs a leave_scope that intercepts %Throw{} results
	When caught, the recovery computation runs and continues normal flow
	Normal completion passes through unchanged
	If recovery re-throws, the error propagates to outer catch handlers


      


      
        Summary


  
    Functions
  


    
      
        __handle__(comp, config)

      


        Install Throw handler via catch clause syntax.



    


    
      
        catch_error(comp, error_handler)

      


        Catch errors from a sub-computation.



    


    
      
        handle(throw, env, k)

      


        Default handler - return Throw struct as result (does not call k)



    


    
      
        intercept(comp, handler)

      


        Intercept thrown errors locally within a computation.



    


    
      
        throw(error)

      


        Throw an error - does not resume



    


    
      
        try_catch(comp)

      


        Catch and return Either-style result.



    


    
      
        with_handler(comp)

      


        Install a scoped Throw handler for a computation.



    





      


      
        Functions


        


  
    
      
    
    
      __handle__(comp, config)



        
          
        

    

  


  

Install Throw handler via catch clause syntax.
Config is ignored (Throw handler takes no configuration):
catch
  Throw -> nil

  



  
    
      
    
    
      catch_error(comp, error_handler)



        
          
        

    

  


  

      

          @spec catch_error(Skuld.Comp.Types.computation(), (term() ->
                                               Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Catch errors from a sub-computation.
If the sub-computation throws, the error handler is invoked and its result
continues through normal flow (the continuation chain). This allows catch
to fully recover from errors - subsequent binds will receive the recovery value.
If the recovery computation itself throws, that error propagates through
the leave_scope chain to any outer catch handlers.
Normal completion passes through unchanged (no wrapping).
Example
# Transparent recovery - catch fully handles the error
Throw.catch_error(
  risky_computation(),
  fn :not_found -> Comp.pure(:default) end
)
# Returns either the value or :default

# Nested catch - inner catches first, unhandled propagates to outer
Throw.catch_error(
  Throw.catch_error(inner, fn :a -> ... end),
  fn :b -> ... end
)

  



  
    
      
    
    
      handle(throw, env, k)



        
          
        

    

  


  

Default handler - return Throw struct as result (does not call k)

  



  
    
      
    
    
      intercept(comp, handler)



        
          
        

    

  


  

      

          @spec intercept(Skuld.Comp.Types.computation(), (term() ->
                                             Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Intercept thrown errors locally within a computation.
This is the IIntercept.intercept/2 implementation for Throw, enabling
{Throw, pattern} clauses in comp block catch sections.
Delegates to catch_error/2.

  



  
    
      
    
    
      throw(error)



        
          
        

    

  


  

      

          @spec throw(term()) :: Skuld.Comp.Types.computation()


      


Throw an error - does not resume

  



  
    
      
    
    
      try_catch(comp)



        
          
        

    

  


  

      

          @spec try_catch(Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      


Catch and return Either-style result.
Wraps both success and error paths for uniform handling:
	Success: {:ok, value}
	Error: {:error, error}

Exception Handling
When exceptions are raised inside computations, they are caught and converted
to {:error, unwrapped_value}. The Skuld.Comp.IThrowable protocol determines
how exceptions are unwrapped:
	By default, exceptions are returned as-is (e.g., {:error, %ArgumentError{}})
	Domain exceptions can implement IThrowable to return cleaner error values

For other exception kinds:
	:throw values become {:error, {:thrown, value}}
	:exit reasons become {:error, {:exit, reason}}

Example
result = Throw.try_catch(risky_computation())
case result do
  {:ok, value} -> handle_success(value)
  {:error, %ArgumentError{}} -> handle_bad_input()
  {:error, {:not_found, id}} -> handle_not_found(id)
end
IThrowable Protocol
Implement Skuld.Comp.IThrowable for domain exceptions to get clean error values:
defimpl Skuld.Comp.IThrowable, for: MyApp.NotFoundError do
  def unwrap(%{entity: entity, id: id}), do: {:not_found, entity, id}
end

  



  
    
      
    
    
      with_handler(comp)



        
          
        

    

  


  

      

          @spec with_handler(Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      


Install a scoped Throw handler for a computation.
Installs the Throw handler for the duration of comp. The handler is
restored/removed when comp completes or throws.
The argument order is pipe-friendly.
Example
# Wrap a computation with Throw handling
comp_with_throw =
  comp do
    result <- risky_operation()
    return(result)
  end
  |> Throw.with_handler()

# Compose with other handlers
my_comp
|> Throw.with_handler()
|> State.with_handler(0)
|> Comp.run(Env.new())

  


        

      


  

    
Skuld.Effects.Yield 
    



      
Yield effect - coroutine-style suspension and resumption.
Uses %Skuld.Comp.ExternalSuspend{} struct as the suspension result, which
bypasses leave_scope in Run.
Architecture
	yield(value) suspends computation, returning %ExternalSuspend{value, resume}
	The resume function captures the env, so caller just provides input
	Run recognizes %ExternalSuspend{} and bypasses leave_scope
	When resumed, the result goes through the leave_scope chain


      


      
        Summary


  
    Functions
  


    
      
        __handle__(comp, config)

      


        Install Yield handler via catch clause syntax.



    


    
      
        collect(comp, resume_input \\ nil)

      


        Collect all yielded values until completion.



    


    
      
        feed(comp, inputs)

      


        Feed a list of inputs to a computation, collecting yields.



    


    
      
        handle(yield, env, k)

      


        Handler: returns Suspend struct with resume that captures env
and invokes leave_scope when the resumed computation completes.



    


    
      
        intercept(comp, handler)

      


        Intercept yields locally within a computation.



    


    
      
        respond(inner_comp, responder)

      


        Intercept yields from a computation and respond to them.



    


    
      
        run_with_driver(comp, driver)

      


        Run a computation with a driver function that handles yields.



    


    
      
        with_handler(comp)

      


        Install a scoped Yield handler for a computation.



    


    
      
        yield()

      


        Yield without a value



    


    
      
        yield(value)

      


        Yield a value and suspend, waiting for input to resume



    





      


      
        Functions


        


  
    
      
    
    
      __handle__(comp, config)



        
          
        

    

  


  

Install Yield handler via catch clause syntax.
Config is ignored (Yield handler takes no configuration):
catch
  Yield -> nil

  



    

  
    
      
    
    
      collect(comp, resume_input \\ nil)



        
          
        

    

  


  

      

          @spec collect(Skuld.Comp.Types.computation(), term()) ::
  {:done, term(), [term()], Skuld.Comp.Types.env()}
  | {:thrown, term(), [term()], Skuld.Comp.Types.env()}


      


Collect all yielded values until completion.
Resumes with the provided input value (default: nil) each time.
The computation should already have handlers installed via with_handler.

  



  
    
      
    
    
      feed(comp, inputs)



        
          
        

    

  


  

      

          @spec feed(Skuld.Comp.Types.computation(), [term()]) ::
  {:done, term(), [term()], Skuld.Comp.Types.env()}
  | {:suspended, term(),
     (term() -> {Skuld.Comp.Types.result(), Skuld.Comp.Types.env()}), [term()],
     Skuld.Comp.Types.env()}
  | {:thrown, term(), [term()], Skuld.Comp.Types.env()}


      


Feed a list of inputs to a computation, collecting yields.
Each yield consumes one input. If inputs run out, stops with remaining computation.
The computation should already have handlers installed via with_handler.

  



  
    
      
    
    
      handle(yield, env, k)



        
          
        

    

  


  

Handler: returns Suspend struct with resume that captures env
and invokes leave_scope when the resumed computation completes.

  



  
    
      
    
    
      intercept(comp, handler)



        
          
        

    

  


  

      

          @spec intercept(Skuld.Comp.Types.computation(), (term() ->
                                             Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Intercept yields locally within a computation.
This is the IIntercept.intercept/2 implementation for Yield, enabling
{Yield, pattern} clauses in comp block catch sections.
Delegates to respond/2.

  



  
    
      
    
    
      respond(inner_comp, responder)



        
          
        

    

  


  

      

          @spec respond(Skuld.Comp.Types.computation(), (term() ->
                                           Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Intercept yields from a computation and respond to them.
Similar to Throw.catch_error/2, but for yields instead of throws. The responder
function receives the yielded value and returns a computation that produces the
resume value. If the responder re-yields (calls Yield.yield), that yield
propagates to the outer handler.
Implementation Note
This implementation wraps the Yield handler in the Env to intercept yields
directly at the handler level. A previous implementation used a different
approach: replacing the leave_scope with an identity function, running the
inner computation to completion, then pattern matching on %Suspend{} results
to detect yields. That approach was more complex (~180 lines vs ~80 lines),
required manual env state merging, and interfered with other effects that
rely on leave_scope (such as EffectLogger).
Example
# Handle all yields internally:
comp do
  result <- Yield.respond(
    comp do
      x <- Yield.yield(:get_value)
      y <- Yield.yield(:get_another)
      x + y
    end,
    fn
      :get_value -> Comp.pure(10)
      :get_another -> Comp.pure(20)
    end
  )
  result
end
|> Yield.with_handler()
|> Comp.run!()
#=> 30

# Responder can use effects:
comp do
  result <- Yield.respond(
    comp do
      x <- Yield.yield(:get_state)
      x * 2
    end,
    fn :get_state -> State.get() end
  )
  result
end
|> State.with_handler(21)
|> Yield.with_handler()
|> Comp.run!()
#=> 42

# Unhandled yields propagate (re-yield):
comp do
  result <- Yield.respond(
    comp do
      x <- Yield.yield(:handled)
      y <- Yield.yield(:not_handled)
      x + y
    end,
    fn
      :handled -> Comp.pure(10)
      other -> Yield.yield(other)  # re-yield to outer handler
    end
  )
  result
end
|> Yield.with_handler()
|> Comp.run()
# Returns %Suspend{value: :not_handled, ...}

  



  
    
      
    
    
      run_with_driver(comp, driver)



        
          
        

    

  


  

      

          @spec run_with_driver(
  Skuld.Comp.Types.computation(),
  (value :: term(), data :: map() | nil ->
     {:continue, term()} | {:cancel, term()})
) ::
  {:done, term(), Skuld.Comp.Types.env()}
  | {:cancelled, Skuld.Comp.Cancelled.t(), Skuld.Comp.Types.env()}
  | {:thrown, term(), Skuld.Comp.Types.env()}


      


Run a computation with a driver function that handles yields.
The driver receives yielded values and returns:
	{:continue, input} - resume the computation with input
	{:cancel, reason} - cancel the computation, invoking leave_scope for cleanup

The computation should already have handlers installed via with_handler.
Returns
	{:done, value, env} - computation completed successfully
	{:cancelled, %Cancelled{}, env} - computation was cancelled with cleanup
	{:thrown, error, env} - computation threw an error


  



  
    
      
    
    
      with_handler(comp)



        
          
        

    

  


  

      

          @spec with_handler(Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      


Install a scoped Yield handler for a computation.
Installs the Yield handler for the duration of comp. The handler is
restored/removed when comp completes or suspends.
The argument order is pipe-friendly.
Example
# Wrap a computation with Yield handling
comp_with_yield =
  comp do
    input <- Yield.yield(:question)
    return({:got, input})
  end
  |> Yield.with_handler()

# Compose with other handlers
my_comp
|> Yield.with_handler()
|> State.with_handler(0)
|> Comp.run(Env.new())

  



  
    
      
    
    
      yield()



        
          
        

    

  


  

      

          @spec yield() :: Skuld.Comp.Types.computation()


      


Yield without a value

  



  
    
      
    
    
      yield(value)



        
          
        

    

  


  

      

          @spec yield(term()) :: Skuld.Comp.Types.computation()


      


Yield a value and suspend, waiting for input to resume

  


        

      


  

    
Skuld.Effects.FxFasterList 
    



      
FxFasterList - High-performance effectful list operations.
An optimized variant of FxList that uses Enum.reduce_while for
better performance. Best for computations that don't need resumable
Yield/Suspend semantics.
When to Use FxFasterList vs FxList
	Feature	FxFasterList	FxList
	Performance	~0.1 µs/op	~0.2 µs/op
	Throw (error handling)	✓ Works	✓ Works
	Yield (suspend/resume)	✗ Limited*	✓ Full
	Memory	Lower	Higher

*FxFasterList suspends but loses list context - resume returns only the
single element's result, not the full list.
Use FxFasterList when:
	Performance is critical
	You only use Throw for error handling (not Yield)
	You don't need to resume suspended computations

Use FxList when:
	You need resumable Yield/Suspend semantics (recommended default)
	You want natural control effect propagation

Operations
	fx_map(enumerable, f) - Map effectful function over enumerable
	fx_reduce(enumerable, init, f) - Reduce with effectful function
	fx_each(enumerable, f) - Execute effectful function for each element (returns :ok)
	fx_filter(enumerable, pred) - Filter with effectful predicate

Example
import Skuld.Syntax

defcomp process_users(user_ids) do
  users <- FxFasterList.fx_map(user_ids, fn id ->
    comp do
      user <- fetch_user(id)
      count <- State.get()
      _ <- State.put(count + 1)
      return(user)
    end
  end)
  return(users)
end
Implementation
FxFasterList uses Enum.reduce_while to iterate, running each element's
computation to completion before moving to the next. This avoids
building continuation chains, providing ~0.1 µs/op constant cost.
Control effects (Throw, Cancelled, Suspend) are detected via ISentinel
predicates (error?/1 and suspend?/1) and handled explicitly - errors
propagate correctly, but Suspend loses the iteration context.

      


      
        Summary


  
    Functions
  


    
      
        fx_each(enumerable, f)

      


        Execute an effectful function for each element, discarding results.



    


    
      
        fx_filter(enumerable, pred)

      


        Filter an enumerable with an effectful predicate.



    


    
      
        fx_map(enumerable, f)

      


        Map an effectful function over an enumerable.



    


    
      
        fx_reduce(enumerable, init, f)

      


        Reduce an enumerable with an effectful function.



    





      


      
        Functions


        


  
    
      
    
    
      fx_each(enumerable, f)



        
          
        

    

  


  

      

          @spec fx_each(Enumerable.t(), (term() -> Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Execute an effectful function for each element, discarding results.
Returns a computation that produces :ok.
Each element's computation runs to completion before the next begins.
Example
FxFasterList.fx_each(1..1000, fn i ->
  comp do
    n <- State.get()
    _ <- State.put(n + 1)
    return(:ok)
  end
end)
# => computation returning :ok

  



  
    
      
    
    
      fx_filter(enumerable, pred)



        
          
        

    

  


  

      

          @spec fx_filter(Enumerable.t(), (term() -> Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Filter an enumerable with an effectful predicate.
Each element's predicate runs to completion before the next begins.
Example
FxFasterList.fx_filter([1, 2, 3, 4], fn x ->
  comp do
    threshold <- Reader.ask()
    return(x > threshold)
  end
end)
# With threshold=2 => computation returning [3, 4]

  



  
    
      
    
    
      fx_map(enumerable, f)



        
          
        

    

  


  

      

          @spec fx_map(Enumerable.t(), (term() -> Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Map an effectful function over an enumerable.
Returns a computation that produces a list of results.
Each element's computation runs to completion before the next begins,
avoiding continuation chain buildup.
Example
FxFasterList.fx_map([1, 2, 3], fn x ->
  comp do
    count <- State.get()
    _ <- State.put(count + 1)
    return(x * 2)
  end
end)
# => computation returning [2, 4, 6]

  



  
    
      
    
    
      fx_reduce(enumerable, init, f)



        
          
        

    

  


  

      

          @spec fx_reduce(Enumerable.t(), term(), (term(), term() ->
                                     Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Reduce an enumerable with an effectful function.
Each element's computation runs to completion before the next begins.
Example
FxFasterList.fx_reduce([1, 2, 3], 0, fn x, acc ->
  comp do
    _ <- Writer.tell("processing #{x}")
    return(acc + x)
  end
end)
# => computation returning 6

  


        

      


  

    
Skuld.Effects.FxList 
    



      
FxList - Effectful list operations with full control effect support.
The default effectful list module with full support for resumable
Yield/Suspend semantics. Uses continuation chains for natural control
effect propagation.
When to Use FxList vs FxFasterList
	Feature	FxList	FxFasterList
	Throw (error handling)	✓ Works	✓ Works
	Yield (suspend/resume)	✓ Full	✗ Limited
	Performance	~0.2 µs/op	~0.1 µs/op
	Memory	Higher	Lower

Use FxList (this module) when:
	You need resumable Yield/Suspend semantics
	Each element might yield and you need to resume from that exact point
	Natural control effect propagation is important
	This is the recommended default

Use FxFasterList when:
	Performance is critical
	You only use Throw for error handling (not Yield)
	You don't need to resume suspended computations

How It Works
FxList elaborates the list operation into a chain of Comp.bind calls:
# fx_map([1, 2, 3], f) becomes:
Comp.bind(f.(1), fn r1 ->
  Comp.bind(f.(2), fn r2 ->
    Comp.bind(f.(3), fn r3 ->
      Comp.pure([r1, r2, r3])
    end)
  end)
end)
This means control effects propagate naturally through CPS - no special
pattern matching needed. When a computation yields, the continuation
chain captures the full iteration context for proper resumption.
Operations
	fx_map(enumerable, f) - Map effectful function over enumerable
	fx_reduce(enumerable, init, f) - Reduce with effectful function
	fx_each(enumerable, f) - Execute effectful function for each element
	fx_filter(enumerable, pred) - Filter with effectful predicate

Example with Yield
# Process items with interruptible iteration
comp =
  FxList.fx_map([1, 2, 3], fn x ->
    Comp.bind(Yield.yield({:processing, x}), fn _ ->
      Comp.pure(x * 2)
    end)
  end)
  |> Yield.with_handler()

# Each yield can be resumed to continue through the list
{%Suspend{value: {:processing, 1}, resume: r1}, _} = Comp.run(comp)
{%Suspend{value: {:processing, 2}, resume: r2}, _} = r1.(:ok)
{%Suspend{value: {:processing, 3}, resume: r3}, _} = r2.(:ok)
{[2, 4, 6], _} = r3.(:ok)

      


      
        Summary


  
    Functions
  


    
      
        fx_each(enumerable, f)

      


        Execute an effectful function for each element, discarding results.



    


    
      
        fx_filter(enumerable, pred)

      


        Filter an enumerable with an effectful predicate.



    


    
      
        fx_map(enumerable, f)

      


        Map an effectful function over an enumerable.



    


    
      
        fx_reduce(enumerable, init, f)

      


        Reduce an enumerable with an effectful function.



    





      


      
        Functions


        


  
    
      
    
    
      fx_each(enumerable, f)



        
          
        

    

  


  

      

          @spec fx_each(Enumerable.t(), (term() -> Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Execute an effectful function for each element, discarding results.
Returns a computation that produces :ok.
Example
FxList.fx_each(1..1000, fn i ->
  comp do
    n <- State.get()
    _ <- State.put(n + 1)
    return(:ok)
  end
end)
# => computation returning :ok

  



  
    
      
    
    
      fx_filter(enumerable, pred)



        
          
        

    

  


  

      

          @spec fx_filter(Enumerable.t(), (term() -> Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Filter an enumerable with an effectful predicate.
Example
FxList.fx_filter([1, 2, 3, 4], fn x ->
  comp do
    threshold <- Reader.ask()
    return(x > threshold)
  end
end)
# With threshold=2 => computation returning [3, 4]

  



  
    
      
    
    
      fx_map(enumerable, f)



        
          
        

    

  


  

      

          @spec fx_map(Enumerable.t(), (term() -> Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Map an effectful function over an enumerable.
Returns a computation that produces a list of results.
Each element's computation is chained via Comp.bind, so control
effects propagate naturally.
Example
FxList.fx_map([1, 2, 3], fn x ->
  comp do
    count <- State.get()
    _ <- State.put(count + 1)
    return(x * 2)
  end
end)
# => computation returning [2, 4, 6]

  



  
    
      
    
    
      fx_reduce(enumerable, init, f)



        
          
        

    

  


  

      

          @spec fx_reduce(Enumerable.t(), term(), (term(), term() ->
                                     Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Reduce an enumerable with an effectful function.
Each element's computation is chained via Comp.bind.
Example
FxList.fx_reduce([1, 2, 3], 0, fn x, acc ->
  comp do
    _ <- Writer.tell("processing #{x}")
    return(acc + x)
  end
end)
# => computation returning 6

  


        

      


  

    
Skuld.Effects.Fresh 
    



      
Fresh effect - generate fresh/unique UUIDs.
Provides two handler modes:
	Production (with_uuid7_handler/1): Generates v7 UUIDs which are
time-ordered and suitable for database primary keys (good data locality,
lexical ordering).

	Test (with_test_handler/2): Generates deterministic v5 UUIDs based
on a namespace and counter, making sequences reproducible for testing.


Production Usage
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.Fresh

comp do
  id1 <- Fresh.fresh_uuid()
  id2 <- Fresh.fresh_uuid()
  return({id1, id2})
end
|> Fresh.with_uuid7_handler()
|> Comp.run!()
#=> {"01945a3b-...", "01945a3b-..."}  # time-ordered v7 UUIDs
Test Usage (Deterministic)
# Same namespace produces same UUID sequence - reproducible tests
namespace = Uniq.UUID.uuid4()

comp do
  uuid <- Fresh.fresh_uuid()
  return(uuid)
end
|> Fresh.with_test_handler(namespace: namespace)
|> Comp.run!()
#=> "550e8400-..."  # deterministic v5 UUID

# Running again with same namespace produces same result
comp do
  uuid <- Fresh.fresh_uuid()
  return(uuid)
end
|> Fresh.with_test_handler(namespace: namespace)
|> Comp.run!()
#=> "550e8400-..."  # same UUID!
Handler Submodules
	Fresh.UUID7 - Production v7 UUID handler
	Fresh.Test - Deterministic v5 UUID handler for testing


      


      
        Summary


  
    Functions
  


    
      
        __handle__(comp, arg2)

      


        Install Fresh handler via catch clause syntax.



    


    
      
        fresh_uuid()

      


        Generate a fresh UUID.



    


    
      
        with_test_handler(comp, opts \\ [])

      


        Install a deterministic UUID handler for testing.



    


    
      
        with_uuid7_handler(comp)

      


        Install a v7 UUID handler for production use.



    





      


      
        Functions


        


  
    
      
    
    
      __handle__(comp, arg2)



        
          
        

    

  


  

Install Fresh handler via catch clause syntax.
Config selects handler type:
catch
  Fresh -> :uuid7                      # production handler
  Fresh -> {:test, namespace: ns}      # test handler with opts
  Fresh -> :test                       # test handler, default opts

  



  
    
      
    
    
      fresh_uuid()



        
          
        

    

  


  

      

          @spec fresh_uuid() :: Skuld.Comp.Types.computation()


      


Generate a fresh UUID.
The UUID format depends on the installed handler:
	with_uuid7_handler/1: Generates v7 UUIDs (time-ordered, production)
	with_test_handler/2: Generates v5 UUIDs (deterministic, testing)

Example
comp do
  uuid1 <- Fresh.fresh_uuid()
  uuid2 <- Fresh.fresh_uuid()
  return({uuid1, uuid2})
end
|> Fresh.with_uuid7_handler()
|> Comp.run!()

  



    

  
    
      
    
    
      with_test_handler(comp, opts \\ [])



        
          
        

    

  


  

      

          @spec with_test_handler(
  Skuld.Comp.Types.computation(),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Install a deterministic UUID handler for testing.
Delegates to Fresh.Test.with_handler/2.
Options
	namespace - UUID namespace for generation (default: a fixed UUID).
	output - optional function (result, final_counter) -> new_result
to transform the result before returning.

Example
namespace = Uniq.UUID.uuid4()

comp do
  uuid <- Fresh.fresh_uuid()
  return(uuid)
end
|> Fresh.with_test_handler(namespace: namespace)
|> Comp.run!()

  



  
    
      
    
    
      with_uuid7_handler(comp)



        
          
        

    

  


  

      

          @spec with_uuid7_handler(Skuld.Comp.Types.computation()) ::
  Skuld.Comp.Types.computation()


      


Install a v7 UUID handler for production use.
Delegates to Fresh.UUID7.with_handler/1.
Example
comp do
  id <- Fresh.fresh_uuid()
  return(id)
end
|> Fresh.with_uuid7_handler()
|> Comp.run!()
#=> "01945a3b-7c9d-7000-8000-..."  # v7 UUID

  


        

      


  

    
Skuld.Effects.Random 
    



      
Random effect - generate random values.
Provides three handler modes:
	Production (with_handler/1): Uses Erlang's :rand module for
cryptographically suitable random values.

	Seeded (with_seed_handler/2): Uses a deterministic seed for
reproducible random sequences - ideal for testing.

	Fixed (with_fixed_handler/2): Returns values from a fixed sequence,
cycling when exhausted - useful for specific test scenarios.


Production Usage
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.Random

comp do
  f <- Random.random()
  i <- Random.random_int(1, 100)
  elem <- Random.random_element([:a, :b, :c])
  {f, i, elem}
end
|> Random.with_handler()
|> Comp.run!()
#=> {0.7234..., 42, :b}
Seeded Usage (Deterministic)
# Same seed produces same sequence - reproducible tests
comp do
  a <- Random.random()
  b <- Random.random()
  {a, b}
end
|> Random.with_seed_handler(seed: {1, 2, 3})
|> Comp.run!()
#=> {0.123..., 0.456...}  # always the same
Fixed Usage (Test Scenarios)
# Return specific values for testing edge cases
comp do
  a <- Random.random()
  b <- Random.random()
  c <- Random.random()
  {a, b, c}
end
|> Random.with_fixed_handler(values: [0.0, 0.5, 1.0])
|> Comp.run!()
#=> {0.0, 0.5, 1.0}
Handler Submodules
	Random.Seed - Deterministic seeded random handler
	Random.Fixed - Fixed value handler for testing


      


      
        Summary


  
    Functions
  


    
      
        __handle__(comp, arg2)

      


        Install Random handler via catch clause syntax.



    


    
      
        random()

      


        Generate a random float between 0.0 (inclusive) and 1.0 (exclusive).



    


    
      
        random_element(list)

      


        Pick a random element from a non-empty list.



    


    
      
        random_int(min, max)

      


        Generate a random integer in the range min..max (inclusive).



    


    
      
        shuffle(list)

      


        Shuffle a list randomly.



    


    
      
        with_fixed_handler(comp, opts \\ [])

      


        Install a handler that returns values from a fixed sequence.



    


    
      
        with_handler(comp)

      


        Install a random handler using Erlang's :rand module.



    


    
      
        with_seed_handler(comp, opts \\ [])

      


        Install a deterministic random handler with a fixed seed.



    





      


      
        Functions


        


  
    
      
    
    
      __handle__(comp, arg2)



        
          
        

    

  


  

Install Random handler via catch clause syntax.
Config selects handler type:
catch
  Random -> nil                            # production handler
  Random -> {:seed, seed: {1, 2, 3}}       # seeded handler
  Random -> {:fixed, values: [0.5, 0.7]}   # fixed values handler

  



  
    
      
    
    
      random()



        
          
        

    

  


  

      

          @spec random() :: Skuld.Comp.Types.computation()


      


Generate a random float between 0.0 (inclusive) and 1.0 (exclusive).
Example
comp do
  f <- Random.random()
  f
end
|> Random.with_handler()
|> Comp.run!()
#=> 0.7234...

  



  
    
      
    
    
      random_element(list)



        
          
        

    

  


  

      

          @spec random_element([a, ...]) :: Skuld.Comp.Types.computation() when a: term()


      


Pick a random element from a non-empty list.
Example
comp do
  elem <- Random.random_element([:rock, :paper, :scissors])
  elem
end
|> Random.with_handler()
|> Comp.run!()
#=> :scissors

  



  
    
      
    
    
      random_int(min, max)



        
          
        

    

  


  

      

          @spec random_int(integer(), integer()) :: Skuld.Comp.Types.computation()


      


Generate a random integer in the range min..max (inclusive).
Example
comp do
  i <- Random.random_int(1, 6)
  i
end
|> Random.with_handler()
|> Comp.run!()
#=> 4

  



  
    
      
    
    
      shuffle(list)



        
          
        

    

  


  

      

          @spec shuffle([a]) :: Skuld.Comp.Types.computation() when a: term()


      


Shuffle a list randomly.
Example
comp do
  shuffled <- Random.shuffle([1, 2, 3, 4, 5])
  shuffled
end
|> Random.with_handler()
|> Comp.run!()
#=> [3, 1, 5, 2, 4]

  



    

  
    
      
    
    
      with_fixed_handler(comp, opts \\ [])



        
          
        

    

  


  

      

          @spec with_fixed_handler(
  Skuld.Comp.Types.computation(),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Install a handler that returns values from a fixed sequence.
Delegates to Random.Fixed.with_handler/2.
Options
	:values - A list of values to return. For random() these should
be floats 0.0-1.0. For random_int/2 and random_element/1, the
handler uses these as indices (mod list length).

Example
comp do
  a <- Random.random()
  b <- Random.random()
  c <- Random.random()
  {a, b, c}
end
|> Random.with_fixed_handler(values: [0.1, 0.5, 0.9])
|> Comp.run!()
#=> {0.1, 0.5, 0.9}

  



  
    
      
    
    
      with_handler(comp)



        
          
        

    

  


  

      

          @spec with_handler(Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      


Install a random handler using Erlang's :rand module.
Uses the default random algorithm seeded from system entropy.
Not deterministic across runs.
Example
comp do
  f <- Random.random()
  f
end
|> Random.with_handler()
|> Comp.run!()

  



    

  
    
      
    
    
      with_seed_handler(comp, opts \\ [])



        
          
        

    

  


  

      

          @spec with_seed_handler(
  Skuld.Comp.Types.computation(),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Install a deterministic random handler with a fixed seed.
Delegates to Random.Seed.with_handler/2.
Options
	:seed - A seed tuple {s1, s2, s3} for the random generator.
Default: {1, 2, 3}.
	:algorithm - The random algorithm to use. Default: :exsss.

Example
comp do
  a <- Random.random()
  b <- Random.random_int(1, 10)
  {a, b}
end
|> Random.with_seed_handler(seed: {42, 42, 42})
|> Comp.run!()
#=> {0.123..., 7}  # always the same with this seed

  


        

      


  

    
Skuld.Effects.AtomicState 
    



      
AtomicState effect - thread-safe state for concurrent contexts.
Unlike the regular State effect which stores state in env.state (copied when
forking to new processes), AtomicState uses external storage (Agent) that can
be safely accessed from multiple processes.
Supports both simple single-state usage and multiple independent states via tags.
Handlers
	AtomicState.Agent - Agent-backed handler for production (true atomic ops)
	AtomicState.Sync - State-backed handler for testing (no Agent processes)

Production Usage (Agent handler)
use Skuld.Syntax
alias Skuld.Effects.AtomicState

comp do
  _ <- AtomicState.put(0)
  _ <- AtomicState.modify(&(&1 + 1))
  value <- AtomicState.get()
  value
end
|> AtomicState.Agent.with_handler(0)
|> Comp.run!()
#=> 1
Multiple States (explicit tags)
comp do
  _ <- AtomicState.put(:counter, 0)
  _ <- AtomicState.modify(:counter, &(&1 + 1))
  count <- AtomicState.get(:counter)

  _ <- AtomicState.put(:cache, %{})
  _ <- AtomicState.modify(:cache, &Map.put(&1, :key, "value"))
  cache <- AtomicState.get(:cache)

  {count, cache}
end
|> AtomicState.Agent.with_handler(0, tag: :counter)
|> AtomicState.Agent.with_handler(%{}, tag: :cache)
|> Comp.run!()
#=> {1, %{key: "value"}}
Compare-and-Swap (CAS)
comp do
  _ <- AtomicState.put(10)
  result1 <- AtomicState.cas(10, 20)  # succeeds
  result2 <- AtomicState.cas(10, 30)  # fails - current is 20, not 10
  {result1, result2}
end
|> AtomicState.Agent.with_handler(0)
|> Comp.run!()
#=> {:ok, {:conflict, 20}}
Testing (Sync handler)
For testing without spinning up Agents, use the Sync handler:
comp do
  _ <- AtomicState.put(0)
  _ <- AtomicState.modify(&(&1 + 1))
  AtomicState.get()
end
|> AtomicState.Sync.with_handler(0)
|> Comp.run!()
#=> 1

      


      
        Summary


  
    Functions
  


    
      
        __handle__(comp, arg)

      


        Install AtomicState handler via catch clause syntax.



    


    
      
        agent_key(tag)

      


        Returns the env.state key used for storing the Agent pid for a given tag.



    


    
      
        atomic_state(fun)

      


        Atomically modify the state with a function that returns {result, new_state}.



    


    
      
        atomic_state(tag, fun)

      


    


    
      
        cas(expected, new)

      


        Compare-and-swap: atomically replace state if it equals expected value.



    


    
      
        cas(tag, expected, new)

      


    


    
      
        get(tag \\ Skuld.Effects.AtomicState)

      


        Atomically read the current state.



    


    
      
        modify(fun)

      


        Atomically modify the state with a function, returning the new value.



    


    
      
        modify(tag, fun)

      


    


    
      
        put(value)

      


        Atomically replace the state.



    


    
      
        put(tag, value)

      


    


    
      
        state_key(tag)

      


        Returns the env.state key used for State-backed storage for a given tag.



    


    
      
        with_agent_handler(comp, initial, opts \\ [])

      


        Install an Agent-backed AtomicState handler.



    


    
      
        with_state_handler(comp, initial, opts \\ [])

      


        Install a State-backed AtomicState handler for testing.



    





      


      
        Functions


        


  
    
      
    
    
      __handle__(comp, arg)



        
          
        

    

  


  

Install AtomicState handler via catch clause syntax.
Config selects handler type:
catch
  AtomicState -> {:agent, 0}                    # agent handler
  AtomicState -> {:agent, {0, tag: :counter}}   # agent with opts
  AtomicState -> {:sync, 0}                     # sync handler
  AtomicState -> {:sync, {0, tag: :counter}}    # sync with opts

  



  
    
      
    
    
      agent_key(tag)



        
          
        

    

  


  

      

          @spec agent_key(atom()) :: {module(), :agent, atom()}


      


Returns the env.state key used for storing the Agent pid for a given tag.

  



  
    
      
    
    
      atomic_state(fun)



        
          
        

    

  


  

      

          @spec atomic_state((term() -> {term(), term()})) :: Skuld.Comp.Types.computation()


      


Atomically modify the state with a function that returns {result, new_state}.
Returns the result value.
Examples
AtomicState.atomic_state(fn s -> {:popped, s - 1} end)
AtomicState.atomic_state(:counter, fn s -> {s, s + 1} end)

  



  
    
      
    
    
      atomic_state(tag, fun)



        
          
        

    

  


  

      

          @spec atomic_state(atom(), (term() -> {term(), term()})) ::
  Skuld.Comp.Types.computation()


      



  



  
    
      
    
    
      cas(expected, new)



        
          
        

    

  


  

      

          @spec cas(term(), term()) :: Skuld.Comp.Types.computation()


      


Compare-and-swap: atomically replace state if it equals expected value.
Returns :ok if swap succeeded, {:conflict, current_value} if it failed.
Examples
AtomicState.cas(10, 20)              # if state == 10, set to 20
AtomicState.cas(:counter, 10, 20)    # with explicit tag

  



  
    
      
    
    
      cas(tag, expected, new)



        
          
        

    

  


  

      

          @spec cas(atom(), term(), term()) :: Skuld.Comp.Types.computation()


      



  



    

  
    
      
    
    
      get(tag \\ Skuld.Effects.AtomicState)



        
          
        

    

  


  

      

          @spec get(atom()) :: Skuld.Comp.Types.computation()


      


Atomically read the current state.
Examples
AtomicState.get()           # use default tag
AtomicState.get(:counter)   # use explicit tag

  



  
    
      
    
    
      modify(fun)



        
          
        

    

  


  

      

          @spec modify((term() -> term())) :: Skuld.Comp.Types.computation()


      


Atomically modify the state with a function, returning the new value.
Examples
AtomicState.modify(&(&1 + 1))              # use default tag
AtomicState.modify(:counter, &(&1 + 1))    # use explicit tag

  



  
    
      
    
    
      modify(tag, fun)



        
          
        

    

  


  

      

          @spec modify(atom(), (term() -> term())) :: Skuld.Comp.Types.computation()


      



  



  
    
      
    
    
      put(value)



        
          
        

    

  


  

      

          @spec put(term()) :: Skuld.Comp.Types.computation()


      


Atomically replace the state.
Examples
AtomicState.put(42)              # use default tag
AtomicState.put(:counter, 42)    # use explicit tag

  



  
    
      
    
    
      put(tag, value)



        
          
        

    

  


  

      

          @spec put(atom(), term()) :: Skuld.Comp.Types.computation()


      



  



  
    
      
    
    
      state_key(tag)



        
          
        

    

  


  

      

          @spec state_key(atom()) :: {module(), :state, atom()}


      


Returns the env.state key used for State-backed storage for a given tag.

  



    

  
    
      
    
    
      with_agent_handler(comp, initial, opts \\ [])



        
          
        

    

  


  

      

          @spec with_agent_handler(Skuld.Comp.Types.computation(), term(), keyword()) ::
  Skuld.Comp.Types.computation()


      


Install an Agent-backed AtomicState handler.
Delegates to AtomicState.Agent.with_handler/3.

  



    

  
    
      
    
    
      with_state_handler(comp, initial, opts \\ [])



        
          
        

    

  


  

      

          @spec with_state_handler(Skuld.Comp.Types.computation(), term(), keyword()) ::
  Skuld.Comp.Types.computation()


      


Install a State-backed AtomicState handler for testing.
Delegates to AtomicState.Sync.with_handler/3.

  


        

      


  

    
Skuld.Effects.Brook 
    



      
High-level streaming API built on channels with transparent chunking.
Stream provides combinators for building streaming pipelines with:
	Backpressure via bounded channels
	Automatic error propagation
	Optional concurrency for transformations
	Integration with Skuld effects (batching works!)
	Transparent chunking for efficiency

Transparent Chunking
Internally, streams operate on chunks of values rather than individual values.
This is transparent to users - you write operations like map and filter
that operate on individual values, and the library handles chunking automatically.
Chunking dramatically reduces synchronization overhead by batching values
together, reducing the number of fiber spawns and channel operations.
Basic Usage
comp do
  # Create a stream from an enumerable
  source <- Brook.from_enum(1..100)

  # Transform with optional concurrency
  mapped <- Brook.map(source, fn x -> x * 2 end, concurrency: 4)

  # Filter
  filtered <- Brook.filter(mapped, fn x -> rem(x, 4) == 0 end)

  # Collect results
  Brook.to_list(filtered)
end
|> Channel.with_handler()
|> FiberPool.with_handler()
|> FiberPool.run()
Error Propagation
Errors automatically flow downstream through channels. If an error occurs
while processing any value in a chunk, the stream is immediately errored:
comp do
  source <- Brook.from_function(fn ->
    case fetch_data() do
      {:ok, items} -> {:items, items}
      {:error, reason} -> {:error, reason}
    end
  end)

  # If source errors, map sees {:error, reason} and propagates it
  mapped <- Brook.map(source, &process/1)

  # Final result is :ok or {:error, reason}
  Brook.run(mapped, &sink/1)
end

      


      
        Summary


  
    Functions
  


    
      
        each(input, consumer_fn)

      


        Execute a function for each item in the stream.



    


    
      
        filter(input, pred_fn, opts \\ [])

      


        Filter items in the stream.



    


    
      
        from_enum(enumerable, opts \\ [])

      


        Create a stream from an enumerable.



    


    
      
        from_function(producer_fn, opts \\ [])

      


        Create a stream from a producer function.



    


    
      
        map(input, transform_fn, opts \\ [])

      


        Transform each item in the stream.



    


    
      
        run(input, consumer_fn)

      


        Run a stream to completion, applying a consumer function to each item.



    


    
      
        to_list(input)

      


        Collect all items from a stream into a list.



    





      


      
        Functions


        


  
    
      
    
    
      each(input, consumer_fn)



        
          
        

    

  


  

      

          @spec each(Skuld.Effects.Channel.Handle.t(), (term() -> any())) ::
  Skuld.Comp.Types.computation()


      


Execute a function for each item in the stream.
Returns :ok when the stream completes successfully, or {:error, reason}
if an error occurred.
Example
comp do
  source <- Brook.from_enum(1..10)
  Brook.each(source, fn x -> IO.puts("Got: #{x}") end)
end

  



    

  
    
      
    
    
      filter(input, pred_fn, opts \\ [])



        
          
        

    

  


  

      

          @spec filter(Skuld.Effects.Channel.Handle.t(), (term() -> boolean()), keyword()) ::
  Skuld.Comp.Types.computation()


      


Filter items in the stream.
Only items for which the predicate returns true pass through.
Filtering happens within chunks - chunks may shrink but are not rechunked.
Options
	:buffer - Output channel capacity in chunks (default: 10)

Example
comp do
  source <- Brook.from_enum(1..20)
  evens <- Brook.filter(source, fn x -> rem(x, 2) == 0 end)
  Brook.to_list(evens)
end

  



    

  
    
      
    
    
      from_enum(enumerable, opts \\ [])



        
          
        

    

  


  

      

          @spec from_enum(
  Enumerable.t(),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Create a stream from an enumerable.
Spawns a producer fiber that puts chunks of items into the output channel,
then closes the channel when exhausted.
Options
	:buffer - Output channel capacity in chunks (default: 10)
	:chunk_size - Number of items per chunk (default: 100)

Example
comp do
  source <- Brook.from_enum(1..100)
  Brook.to_list(source)
end

  



    

  
    
      
    
    
      from_function(producer_fn, opts \\ [])



        
          
        

    

  


  

      

          @spec from_function(
  (-> {:item, term()} | {:items, [term()]} | :done | {:error, term()}),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Create a stream from a producer function.
The producer function is called repeatedly until it signals completion.
It should return:
	{:item, value} - emit a single item
	{:items, [values]} - emit multiple items (will be chunked)
	:done - close the channel normally
	{:error, reason} - signal error to consumers

Options
	:buffer - Output channel capacity in chunks (default: 10)
	:chunk_size - Number of items per chunk (default: 100)

Example
comp do
  counter = Agent.start_link(fn -> 0 end)

  source <- Brook.from_function(fn ->
    n = Agent.get_and_update(counter, fn n -> {n, n + 1} end)
    if n < 10, do: {:item, n}, else: :done
  end)

  Brook.to_list(source)
end

  



    

  
    
      
    
    
      map(input, transform_fn, opts \\ [])



        
          
        

    

  


  

      

          @spec map(
  Skuld.Effects.Channel.Handle.t(),
  (term() -> term() | Skuld.Comp.Types.computation()),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Transform each item in the stream.
Spawns worker fiber(s) that read chunks from input, apply the transform
function to each item in the chunk, and write result chunks to output.
The transform function can be a pure function or return a computation.
If the transform errors on any item in a chunk, the stream is errored.
Options
	:concurrency - Maximum concurrent transforms (default: 1). Due to cooperative
scheduling, concurrency: 1 has a floor of 2 concurrent transforms. Values >= 2
behave as specified.
	:buffer - Output channel capacity in chunks (default: 10)

Example
comp do
  source <- Brook.from_enum(1..10)
  doubled <- Brook.map(source, fn x -> x * 2 end)
  Brook.to_list(doubled)
end
With Effects
Transform functions can use effects, enabling batching:
comp do
  source <- Brook.from_enum(user_ids)
  users <- Brook.map(source, fn id -> DB.fetch(User, id) end, concurrency: 10)
  Brook.to_list(users)
end
|> DB.with_executors()

  



  
    
      
    
    
      run(input, consumer_fn)



        
          
        

    

  


  

      

          @spec run(Skuld.Effects.Channel.Handle.t(), (term() ->
                                         term() | Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Run a stream to completion, applying a consumer function to each item.
Similar to each/2 but the consumer function can return a computation.
Returns :ok on success or {:error, reason} on failure.
Example
comp do
  source <- Brook.from_enum(records)
  Brook.run(source, fn record -> DB.insert(record) end)
end

  



  
    
      
    
    
      to_list(input)



        
          
        

    

  


  

      

          @spec to_list(Skuld.Effects.Channel.Handle.t()) :: Skuld.Comp.Types.computation()


      


Collect all items from a stream into a list.
Returns the list on success, or {:error, reason} on failure.
Example
comp do
  source <- Brook.from_enum(1..10)
  mapped <- Brook.map(source, fn x -> x * 2 end)
  Brook.to_list(mapped)
end

  


        

      


  

    
Skuld.Effects.Channel 
    



      
Bounded channel with suspending put/take operations and error propagation.
Channels provide backpressure-aware communication between fibers:
	When a channel is full, put suspends the fiber until space is available
	When a channel is empty, take suspends the fiber until an item arrives
	Error state propagates to all consumers (sticky error)

Channel States
	:open - normal operation
	:closed - producer finished normally (consumers drain buffer then get :closed)
	{:error, reason} - producer failed, error propagates to all consumers

Usage
Channels must be run within a FiberPool with the channel handler installed:
comp do
  ch <- Channel.new(10)

  # Producer fiber
  producer <- FiberPool.fiber(comp do
    Enum.each(1..100, fn i ->
      _ <- Channel.put(ch, i)  # Suspends if buffer full
    end)
    Channel.close(ch)
  end)

  # Consumer fiber
  consumer <- FiberPool.fiber(comp do
    consume_loop(ch)
  end)

  FiberPool.await_all!([producer, consumer])
end
|> Channel.with_handler()
|> FiberPool.with_handler()
|> FiberPool.run()
Error Propagation
When a producer encounters an error, it can signal this to consumers:
case fetch_data() do
  {:ok, items} ->
    Enum.each(items, fn i -> Channel.put(ch, i) end)
    Channel.close(ch)
  {:error, reason} ->
    Channel.error(ch, reason)  # All consumers will see this error!
end
Consumers will receive {:error, reason} from take when the channel
is in error state. The error is "sticky" - it doesn't get lost.

      


      
        Summary


  
    Functions
  


    
      
        close(handle)

      


        Close the channel (signal normal completion).



    


    
      
        closed?(handle)

      


        Check if the channel is closed.



    


    
      
        error(handle, reason)

      


        Put the channel into error state.



    


    
      
        errored?(handle)

      


        Check if the channel is in error state.



    


    
      
        new(capacity)

      


        Create a new bounded channel with the given capacity.



    


    
      
        peek(handle)

      


        Peek at the next item without removing it.



    


    
      
        put(handle, item)

      


        Put an item into the channel.



    


    
      
        put_async(handle, computation)

      


        Put a computation into the channel asynchronously.



    


    
      
        stats(handle)

      


        Get channel statistics (for debugging/metrics).



    


    
      
        take(handle)

      


        Take an item from the channel.



    


    
      
        take_async(handle)

      


        Take from a channel with async fibers, awaiting the result.



    


    
      
        with_handler(comp)

      


        Install the channel handler for a computation.



    





      


      
        Functions


        


  
    
      
    
    
      close(handle)



        
          
        

    

  


  

      

          @spec close(Skuld.Effects.Channel.Handle.t()) :: Skuld.Comp.Types.computation()


      


Close the channel (signal normal completion).
After closing:
	New put operations return {:error, :closed}
	take continues to drain the buffer, then returns :closed
	Waiting takers (when buffer empty) are woken with :closed

Close is idempotent - closing an already closed or errored channel is a no-op.
Example
comp do
  # Producer finishes
  _ <- Channel.close(ch)
  :ok
end

  



  
    
      
    
    
      closed?(handle)



        
          
        

    

  


  

      

          @spec closed?(Skuld.Effects.Channel.Handle.t()) :: Skuld.Comp.Types.computation()


      


Check if the channel is closed.

  



  
    
      
    
    
      error(handle, reason)



        
          
        

    

  


  

      

          @spec error(Skuld.Effects.Channel.Handle.t(), term()) ::
  Skuld.Comp.Types.computation()


      


Put the channel into error state.
After erroring:
	All waiting takers are woken with {:error, reason}
	All waiting putters are woken with {:error, reason}
	All future take operations return {:error, reason} (sticky!)
	All future put operations return {:error, reason}

Error is idempotent - first error wins.
Example
comp do
  case fetch_data() do
    {:ok, data} -> process(data)
    {:error, reason} ->
      # Propagate error to all consumers
      _ <- Channel.error(ch, reason)
  end
end

  



  
    
      
    
    
      errored?(handle)



        
          
        

    

  


  

      

          @spec errored?(Skuld.Effects.Channel.Handle.t()) :: Skuld.Comp.Types.computation()


      


Check if the channel is in error state.

  



  
    
      
    
    
      new(capacity)



        
          
        

    

  


  

      

          @spec new(non_neg_integer()) :: Skuld.Comp.Types.computation()


      


Create a new bounded channel with the given capacity.
The capacity must be a positive integer. Returns a Channel.Handle
that can be used for put/take operations.
Example
comp do
  ch <- Channel.new(10)
  # ch is now a Channel.Handle
end

  



  
    
      
    
    
      peek(handle)



        
          
        

    

  


  

      

          @spec peek(Skuld.Effects.Channel.Handle.t()) :: Skuld.Comp.Types.computation()


      


Peek at the next item without removing it.
Returns:
	{:ok, item} - next item in buffer
	:empty - buffer is empty (channel still open)
	:closed - channel is closed and buffer is empty
	{:error, reason} - channel is in error state

Unlike take, peek never suspends.
Example
comp do
  case Channel.peek(ch) do
    {:ok, item} -> # item is available but not removed
    :empty -> # no items but channel is open
    :closed -> # channel finished
    {:error, reason} -> # error
  end
end

  



  
    
      
    
    
      put(handle, item)



        
          
        

    

  


  

      

          @spec put(Skuld.Effects.Channel.Handle.t(), term()) :: Skuld.Comp.Types.computation()


      


Put an item into the channel.
Returns:
	:ok - item was put successfully
	{:error, :closed} - channel is closed
	{:error, reason} - channel is in error state

If the channel buffer is full, the fiber suspends until space is available.
If there are waiting takers, the item is handed off directly.
Example
comp do
  result <- Channel.put(ch, item)
  case result do
    :ok -> # item was put
    {:error, reason} -> # channel closed or errored
  end
end

  



  
    
      
    
    
      put_async(handle, computation)



        
          
        

    

  


  

      

          @spec put_async(Skuld.Effects.Channel.Handle.t(), Skuld.Comp.Types.computation()) ::
  Skuld.Comp.Types.computation()


      


Put a computation into the channel asynchronously.
Spawns a fiber to execute the computation and stores the fiber handle
in the channel buffer. This enables ordered concurrent processing -
computations execute concurrently but results are taken in put-order.
Returns:
	:ok - fiber was spawned and handle stored
	{:error, :closed} - channel is closed
	{:error, reason} - channel is in error state

If the buffer is full, suspends until space is available (backpressure).
The buffer size naturally limits the number of concurrent computations.
Example
comp do
  ch <- Channel.new(10)  # max 10 concurrent transforms

  # Producer puts computations - they start executing immediately
  _ <- Channel.put_async(ch, expensive_transform(item1))
  _ <- Channel.put_async(ch, expensive_transform(item2))

  # Consumer takes resolved values in put-order
  {:ok, result1} <- Channel.take_async(ch)
  {:ok, result2} <- Channel.take_async(ch)
end

  



  
    
      
    
    
      stats(handle)



        
          
        

    

  


  

      

          @spec stats(Skuld.Effects.Channel.Handle.t()) :: Skuld.Comp.Types.computation()


      


Get channel statistics (for debugging/metrics).

  



  
    
      
    
    
      take(handle)



        
          
        

    

  


  

      

          @spec take(Skuld.Effects.Channel.Handle.t()) :: Skuld.Comp.Types.computation()


      


Take an item from the channel.
Returns:
	{:ok, item} - got an item
	:closed - channel is closed and buffer is empty
	{:error, reason} - channel is in error state (sticky!)

If the channel buffer is empty and the channel is open, the fiber
suspends until an item is available.
Example
comp do
  case Channel.take(ch) do
    {:ok, item} -> # process item
    :closed -> # channel finished
    {:error, reason} -> # error from producer
  end
end

  



  
    
      
    
    
      take_async(handle)



        
          
        

    

  


  

      

          @spec take_async(Skuld.Effects.Channel.Handle.t()) :: Skuld.Comp.Types.computation()


      


Take from a channel with async fibers, awaiting the result.
Takes a fiber handle from the buffer and awaits its completion.
Returns the fiber's result value, preserving put-order even when
computations complete out of order.
Returns:
	{:ok, value} - fiber completed successfully with value
	:closed - channel is closed and buffer is empty
	{:error, reason} - channel errored OR fiber failed

Example
comp do
  input <- Stream.from_enum(items)
  output <- Channel.new(10)

  # Producer: put_async spawns transform fibers
  _ <- FiberPool.fiber(comp do
    Stream.each(input, fn item ->
      Channel.put_async(output, transform(item))
    end)
    Channel.close(output)
  end)

  # Consumer: take_async awaits in order
  collect_async_results(output, [])
end
Mixed Usage
If a non-async item is taken (one not put via put_async), it is
returned as {:ok, item} without awaiting.

  



  
    
      
    
    
      with_handler(comp)



        
          
        

    

  


  

      

          @spec with_handler(Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      


Install the channel handler for a computation.
This initializes the channel state storage.
Must be used before any channel operations.
Example
comp do
  ch <- Channel.new(10)
  # ... channel operations
end
|> Channel.with_handler()
|> FiberPool.with_handler()
|> FiberPool.run()

  


        

      


  

    
Skuld.Effects.FiberPool 
    



      
Effect for cooperative fiber-based concurrency.
FiberPool provides lightweight cooperative concurrency within a single process.
Fibers are scheduled cooperatively - they run until they await, complete, or error.
Basic Usage
comp do
  # Run work as a fiber (cooperative, same process)
  h1 <- FiberPool.fiber(expensive_computation())
  h2 <- FiberPool.fiber(another_computation())

  # Do other work while fibers run...

  # Await results (raises on error)
  r1 <- FiberPool.await!(h1)
  r2 <- FiberPool.await!(h2)

  {r1, r2}
end
|> FiberPool.with_handler()
|> FiberPool.run()
Structured Concurrency
Use scope/1 to ensure all spawned fibers complete before exiting:
comp do
  FiberPool.scope(comp do
    h1 <- FiberPool.fiber(work1())
    h2 <- FiberPool.fiber(work2())
    # Both h1 and h2 will complete (or be cancelled) before scope exits
    FiberPool.await_all!([h1, h2])
  end)
end
Comparison with Async
FiberPool replaces the Async effect with a simpler, more focused design:
	Fibers only (no Tasks in this module - see Task integration milestone)
	Simpler state management
	Designed for I/O batching integration


      


      
        Summary


  
    Functions
  


    
      
        await(handle)

      


        Await a single fiber's result.



    


    
      
        await!(handle)

      


        Await a single fiber's result, raising on error.



    


    
      
        await_all(handles)

      


        Await all fibers' results.



    


    
      
        await_all!(handles)

      


        Await all fibers' results, raising on any error.



    


    
      
        await_any(handles)

      


        Await any fiber's result.



    


    
      
        await_any!(handles)

      


        Await any fiber's result, raising on error.



    


    
      
        await_consume(handle)

      


        Await a fiber's result with single-consumer semantics.



    


    
      
        cancel(handle)

      


        Cancel a fiber.



    


    
      
        fiber(computation, opts \\ [])

      


        Run a computation as a fiber (cooperative, same process).



    


    
      
        run(comp, opts \\ [])

      


        Run a computation with FiberPool scheduling.



    


    
      
        run!(comp, opts \\ [])

      


        Run a computation with FiberPool scheduling, extracting the result.



    


    
      
        scope(comp, opts \\ [])

      


        Create a structured concurrency scope.



    


    
      
        task(thunk, opts \\ [])

      


        Run a thunk as a BEAM Task (parallel, separate process).



    


    
      
        with_handler(comp, opts \\ [])

      


        Install the FiberPool handler for a computation.



    





      


      
        Functions


        


  
    
      
    
    
      await(handle)



        
          
        

    

  


  

      

          @spec await(Skuld.Fiber.Handle.t()) :: Skuld.Comp.Types.computation()


      


Await a single fiber's result.
Suspends the current fiber until the target fiber completes.
Returns {:ok, value} on success or {:error, reason} on failure.
Example
comp do
  h <- FiberPool.fiber(some_work())
  result <- FiberPool.await(h)
  case result do
    {:ok, value} -> # use value
    {:error, reason} -> # handle error
  end
end

  



  
    
      
    
    
      await!(handle)



        
          
        

    

  


  

      

          @spec await!(Skuld.Fiber.Handle.t()) :: Skuld.Comp.Types.computation()


      


Await a single fiber's result, raising on error.
Suspends the current fiber until the target fiber completes.
Returns the result value directly, or raises if the fiber errored.
Example
comp do
  h <- FiberPool.fiber(some_work())
  value <- FiberPool.await!(h)  # raises on error
  # use value
end

  



  
    
      
    
    
      await_all(handles)



        
          
        

    

  


  

      

          @spec await_all([Skuld.Fiber.Handle.t()]) :: Skuld.Comp.Types.computation()


      


Await all fibers' results.
Suspends until all fibers complete. Returns results in the same order
as the input handles, each as {:ok, value} or {:error, reason}.

  



  
    
      
    
    
      await_all!(handles)



        
          
        

    

  


  

      

          @spec await_all!([Skuld.Fiber.Handle.t()]) :: Skuld.Comp.Types.computation()


      


Await all fibers' results, raising on any error.
Suspends until all fibers complete. Returns result values in the same order
as the input handles. Raises if any fiber errored.

  



  
    
      
    
    
      await_any(handles)



        
          
        

    

  


  

      

          @spec await_any([Skuld.Fiber.Handle.t()]) :: Skuld.Comp.Types.computation()


      


Await any fiber's result.
Suspends until at least one fiber completes. Returns {handle, result}
where result is {:ok, value} or {:error, reason}.

  



  
    
      
    
    
      await_any!(handles)



        
          
        

    

  


  

      

          @spec await_any!([Skuld.Fiber.Handle.t()]) :: Skuld.Comp.Types.computation()


      


Await any fiber's result, raising on error.
Suspends until at least one fiber completes. Returns {handle, value}
for the first fiber to complete. Raises if the fiber errored.

  



  
    
      
    
    
      await_consume(handle)



        
          
        

    

  


  

      

          @spec await_consume(Skuld.Fiber.Handle.t()) :: Skuld.Comp.Types.computation()


      


Await a fiber's result with single-consumer semantics.
Like await/1, but removes the result from the completed map after retrieval.
Use this when you know the fiber will only be awaited once, to enable
garbage collection of the result.
This is used internally by Channel.take_async for memory-efficient streaming.

  



  
    
      
    
    
      cancel(handle)



        
          
        

    

  


  

      

          @spec cancel(Skuld.Fiber.Handle.t()) :: Skuld.Comp.Types.computation()


      


Cancel a fiber.
Marks the fiber for cancellation. If the fiber is suspended, it will
be woken with an error. If running, it will be cancelled at the next
suspension point.

  



    

  
    
      
    
    
      fiber(computation, opts \\ [])



        
          
        

    

  


  

      

          @spec fiber(
  Skuld.Comp.Types.computation(),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Run a computation as a fiber (cooperative, same process).
Returns a handle that can be used to await the result.
Options
	:priority - Fiber priority (future use)


  



    

  
    
      
    
    
      run(comp, opts \\ [])



        
          
        

    

  


  

      

          @spec run(
  Skuld.Comp.Types.computation(),
  keyword()
) :: {term(), Skuld.Comp.Types.env()}


      


Run a computation with FiberPool scheduling.
This is the main entry point. It:
	Runs the main computation
	Schedules any spawned fibers and tasks
	Returns when all fibers and tasks complete

Options
	:task_supervisor - Task.Supervisor pid to use for spawning tasks.
If not provided, a temporary supervisor is started.


  



    

  
    
      
    
    
      run!(comp, opts \\ [])



        
          
        

    

  


  

      

          @spec run!(
  Skuld.Comp.Types.computation(),
  keyword()
) :: term()


      


Run a computation with FiberPool scheduling, extracting the result.
Raises if the result is a suspension or error sentinel.

  



    

  
    
      
    
    
      scope(comp, opts \\ [])



        
          
        

    

  


  

      

          @spec scope(
  Skuld.Comp.Types.computation(),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Create a structured concurrency scope.
All fibers submitted within the scope will be awaited before the scope
returns. If the scope body completes normally, all fibers are awaited
and their results discarded (the scope returns the body's result).
If the scope body errors, all fibers are cancelled.
Options
	:on_exit - Optional callback fn result, handles -> computation() called
before awaiting fibers. Can be used for custom cleanup.

Example
FiberPool.scope(comp do
  h1 <- FiberPool.fiber(work1())
  h2 <- FiberPool.fiber(work2())
  # Both h1 and h2 will complete before scope exits
  FiberPool.await!(h1)
end)

  



    

  
    
      
    
    
      task(thunk, opts \\ [])



        
          
        

    

  


  

      

          @spec task(
  (-> term()),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Run a thunk as a BEAM Task (parallel, separate process).
The thunk runs in a separate BEAM process, allowing true parallelism
for CPU-bound work. Returns a handle that can be awaited just like
fiber handles.
Important: The thunk is a zero-arity function, not a computation.
Effects do not work inside tasks because they run in a different process.
Extract any values you need from Reader/State before constructing the thunk.
Options
	:timeout - Task timeout in milliseconds (default: 5000)

Example
comp do
  # Extract any needed values from effects first
  config <- Reader.ask(:config)

  # CPU-bound work runs in parallel - thunk captures what it needs
  h1 <- FiberPool.task(fn -> expensive_cpu_work(config) end)
  h2 <- FiberPool.task(fn -> another_cpu_work(config) end)

  # Await results
  r1 <- FiberPool.await!(h1)
  r2 <- FiberPool.await!(h2)

  {r1, r2}
end

  



    

  
    
      
    
    
      with_handler(comp, opts \\ [])



        
          
        

    

  


  

      

          @spec with_handler(
  Skuld.Comp.Types.computation(),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Install the FiberPool handler for a computation.
The handler collects fiber submissions and await operations.
Use run/1 or run!/1 to execute the computation with full
fiber scheduling.

  


        

      


  

    
Skuld.Effects.Parallel 
    



      
Parallel effect - simple fork-join concurrency with built-in boundaries.
Provides high-level parallel operations where each call is self-contained
with automatic task management. Unlike Async, there are no handles to
track or boundaries to manage - each operation spawns tasks, awaits results,
and cleans up automatically.
Basic Usage
use Skuld.Syntax
alias Skuld.Comp
alias Skuld.Effects.{Parallel, Throw}

# Run multiple computations in parallel, get all results
comp do
  Parallel.all([
    comp do expensive_work_1() end,
    comp do expensive_work_2() end,
    comp do expensive_work_3() end
  ])
end
|> Parallel.with_handler()
|> Throw.with_handler()
|> Comp.run!()
#=> [:result1, :result2, :result3]
Operations
	all/1 - Run all computations, return all results (fails if any fail)
	race/1 - Run all computations, return first to complete (cancels others)
	map/2 - Map a function over items in parallel

Error Handling
Task failures are caught and returned. For all/1 and map/2, the first
failure stops waiting and returns the error. For race/1, task failures
are ignored unless all tasks fail.
Handlers
	with_handler/1 - Production handler using Task.Supervisor
	with_sequential_handler/1 - Testing handler that runs synchronously

BEAM Process Constraints
Same as Async - child tasks get a snapshot of env at fork time.
Changes don't propagate back. Use AtomicState for shared mutable state.

      


      
        Summary


  
    Functions
  


    
      
        __handle__(comp, atom)

      


        Install Parallel handler via catch clause syntax.



    


    
      
        all(comps)

      


        Run multiple computations in parallel, returning all results.



    


    
      
        map(items, fun)

      


        Map a function over items in parallel.



    


    
      
        race(comps)

      


        Run multiple computations in parallel, returning the first to complete.



    


    
      
        with_handler(comp)

      


        Install a production Parallel handler using Task.Supervisor.



    


    
      
        with_sequential_handler(comp)

      


        Install a sequential handler for testing.



    





      


      
        Functions


        


  
    
      
    
    
      __handle__(comp, atom)



        
          
        

    

  


  

Install Parallel handler via catch clause syntax.
Config selects handler type:
catch
  Parallel -> nil           # production handler (Task.Supervisor)
  Parallel -> :sequential   # test handler (runs tasks sequentially)

  



  
    
      
    
    
      all(comps)



        
          
        

    

  


  

      

          @spec all([Skuld.Comp.Types.computation()]) :: Skuld.Comp.Types.computation()


      


Run multiple computations in parallel, returning all results.
Returns a list of results in the same order as the input computations.
If any computation fails, returns {:error, {:task_failed, reason}}.
Example
Parallel.all([
  comp do fetch_user(1) end,
  comp do fetch_user(2) end,
  comp do fetch_user(3) end
])
#=> [%User{id: 1}, %User{id: 2}, %User{id: 3}]

  



  
    
      
    
    
      map(items, fun)



        
          
        

    

  


  

      

          @spec map([term()], (term() -> Skuld.Comp.Types.computation())) ::
  Skuld.Comp.Types.computation()


      


Map a function over items in parallel.
The function receives each item and should return a computation.
Results are returned in the same order as the input items.
If any computation fails, returns {:error, {:task_failed, reason}}.
Example
Parallel.map([1, 2, 3], fn id ->
  comp do
    fetch_user(id)
  end
end)
#=> [%User{id: 1}, %User{id: 2}, %User{id: 3}]

  



  
    
      
    
    
      race(comps)



        
          
        

    

  


  

      

          @spec race([Skuld.Comp.Types.computation()]) :: Skuld.Comp.Types.computation()


      


Run multiple computations in parallel, returning the first to complete.
The winning result is returned directly. All other tasks are cancelled.
If all tasks fail, returns {:error, :all_tasks_failed}.
Example
Parallel.race([
  comp do slow_approach() end,
  comp do fast_approach() end,
  comp do medium_approach() end
])
#=> :fast_result  # others cancelled

  



  
    
      
    
    
      with_handler(comp)



        
          
        

    

  


  

      

          @spec with_handler(Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      


Install a production Parallel handler using Task.Supervisor.
Creates a Task.Supervisor that manages all parallel tasks. The supervisor
is stopped when the handler scope exits.
Example
comp do
  Parallel.all([
    comp do :a end,
    comp do :b end
  ])
end
|> Parallel.with_handler()
|> Throw.with_handler()
|> Comp.run!()

  



  
    
      
    
    
      with_sequential_handler(comp)



        
          
        

    

  


  

      

          @spec with_sequential_handler(Skuld.Comp.Types.computation()) ::
  Skuld.Comp.Types.computation()


      


Install a sequential handler for testing.
Runs parallel computations sequentially for deterministic behavior.
Useful for testing logic without concurrency complexity.
Example
comp do
  Parallel.all([
    comp do :a end,
    comp do :b end
  ])
end
|> Parallel.with_sequential_handler()
|> Throw.with_handler()
|> Comp.run!()
#=> [:a, :b]

  


        

      


  

    
Skuld.Fiber 
    



      
Cooperative fiber primitive for the FiberPool scheduler.
A Fiber wraps a computation that can be run incrementally, suspended when it
yields, and resumed with a value. This is the fundamental building block for
cooperative concurrency in Skuld.
Lifecycle
	Create with new/2 - fiber is :pending
	Run with run_until_suspend/1 - fiber becomes :running, then either:	Completes: returns {:completed, result, env}
	Suspends: returns {:suspended, fiber} with fiber in :suspended state
	Errors: returns {:error, reason, env}


	Resume with resume/2 - suspended fiber runs again until completion/suspension
	Cancel with cancel/1 - marks fiber as :cancelled

Usage
Fibers are typically managed by a FiberPool, not used directly. The FiberPool
scheduler handles running fibers, tracking suspensions, and resuming when
results are available.
Internal Details
When a fiber suspends, it stores:
	suspended_k - the CPS continuation (val, env) -> {result, env}
	env - the environment at suspension point

Resume calls suspended_k.(value, env) to continue execution.
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    Types
  


    
      
        status()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        cancel(fiber)

      


        Cancel a fiber.



    


    
      
        new(comp, env)

      


        Create a new fiber from a computation.



    


    
      
        resume(fiber, value)

      


        Resume a suspended fiber with a value.



    


    
      
        run_until_suspend(fiber)

      


        Run a fiber until it completes, suspends, or errors.



    


    
      
        terminal?(fiber)

      


        Check if a fiber is in a terminal state (completed, cancelled, or error).
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      status()



        
          
        

    

  


  

      

          @type status() :: :pending | :running | :suspended | :completed | :cancelled | :error


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Skuld.Fiber{
  computation: Skuld.Comp.Types.computation() | nil,
  env: Skuld.Comp.Types.env() | nil,
  id: reference(),
  status: status(),
  suspended_k: Skuld.Comp.Types.k() | nil
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      cancel(fiber)



        
          
        

    

  


  

      

          @spec cancel(t()) :: t()


      


Cancel a fiber.
Marks the fiber as :cancelled. A cancelled fiber cannot be run or resumed.
The FiberPool scheduler uses this to clean up fibers when their scope exits.
Example
fiber = Fiber.cancel(fiber)
assert fiber.status == :cancelled

  



  
    
      
    
    
      new(comp, env)



        
          
        

    

  


  

      

          @spec new(Skuld.Comp.Types.computation(), Skuld.Comp.Types.env()) :: t()


      


Create a new fiber from a computation.
The fiber starts in :pending status with the computation stored,
ready to be run with run_until_suspend/1.
Parameters
	comp - The computation to run as a fiber
	env - The environment to run in (typically inherited from parent)

Example
fiber = Fiber.new(my_comp, env)
assert fiber.status == :pending

  



  
    
      
    
    
      resume(fiber, value)



        
          
        

    

  


  

      

          @spec resume(t(), term()) ::
  {:completed, term(), Skuld.Comp.Types.env()}
  | {:suspended, t()}
  | {:internal_suspended, t(), Skuld.Comp.InternalSuspend.t()}
  | {:error, term(), Skuld.Comp.Types.env() | nil}


      


Resume a suspended fiber with a value.
Takes a :suspended fiber and resumes it by calling the suspended continuation
with the provided value. Returns the same result types as run_until_suspend/1.
Parameters
	fiber - A fiber in :suspended status
	value - The value to resume with (typically a result from an effect)

Example
{:suspended, fiber} = Fiber.run_until_suspend(fiber)
# ... later, when we have a result ...
case Fiber.resume(fiber, result) do
  {:completed, final, _env} -> final
  {:suspended, fiber} -> # external suspended again
  {:internal_suspended, fiber, suspend} -> # internal suspended
  {:error, reason, _env} -> # errored
end

  



  
    
      
    
    
      run_until_suspend(fiber)



        
          
        

    

  


  

      

          @spec run_until_suspend(t()) ::
  {:completed, term(), Skuld.Comp.Types.env()}
  | {:suspended, t()}
  | {:internal_suspended, t(), Skuld.Comp.InternalSuspend.t()}
  | {:error, term(), Skuld.Comp.Types.env() | nil}


      


Run a fiber until it completes, suspends, or errors.
Takes a :pending fiber and runs its computation. Returns one of:
	{:completed, result, env} - Fiber completed with result
	{:suspended, fiber} - External suspension, updated fiber has :suspended_k and :env
	{:internal_suspended, fiber, internal_suspend} - Internal suspension (batch/channel/await)
	{:error, reason, env} - Fiber errored

The returned fiber (on suspension) can be resumed with resume/2.
Example
fiber = Fiber.new(my_comp, env)
case Fiber.run_until_suspend(fiber) do
  {:completed, result, _env} -> IO.puts("Done: #{inspect(result)}")
  {:suspended, fiber} -> IO.puts("External suspended, can resume later")
  {:internal_suspended, fiber, suspend} -> IO.puts("Internal suspended: #{inspect(suspend)}")
  {:error, reason, _env} -> IO.puts("Error: #{inspect(reason)}")
end

  



  
    
      
    
    
      terminal?(fiber)



        
          
        

    

  


  

      

          @spec terminal?(t()) :: boolean()


      


Check if a fiber is in a terminal state (completed, cancelled, or error).

  


        

      


  

    
Skuld.Data.Change 
    



      
Represents a state change with old and new values.
Used by State.put and TaggedState.put to return both the previous
and updated state values. JSON-serializable for EffectLogger compatibility.
Example
%Change{old: 0, new: 42}
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    Functions
  


    
      
        from_json(map)

      


        Reconstruct a Change from decoded JSON map.



    


    
      
        new(old, new)

      


        Create a new Change struct.
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          @type t() :: %Skuld.Data.Change{new: any(), old: any()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      from_json(map)



        
          
        

    

  


  

      

          @spec from_json(map()) :: t()


      


Reconstruct a Change from decoded JSON map.

  



  
    
      
    
    
      new(old, new)



        
          
        

    

  


  

      

          @spec new(any(), any()) :: t()


      


Create a new Change struct.

  


        

      


  

    
Skuld.Effects.ChangeEvent 
    



      
Generic wrapper for changeset persistence operations.
Captures what happened (insert/update/upsert/delete) along with
the changeset and any options for the operation.
This follows the Decider pattern where Events are facts about what
happened (past tense). Rather than requiring per-schema event structs,
this provides a generic wrapper - the schema is derived from the changeset.
Example
alias Skuld.Effects.ChangeEvent

# Create events for different operations
insert_event = ChangeEvent.insert(user_changeset)
update_event = ChangeEvent.update(user_changeset, returning: true)
delete_event = ChangeEvent.delete(user_changeset)

# Extract the schema from an event
ChangeEvent.schema(insert_event)
#=> MyApp.User
With EventAccumulator
alias Skuld.Effects.{EventAccumulator, ChangeEvent}

comp do
  user_cs = User.changeset(%User{}, %{name: "Alice"})
  _ <- EventAccumulator.emit(ChangeEvent.insert(user_cs))
  return(:ok)
end
|> EventAccumulator.with_handler(output: &{&1, &2})
|> Comp.run!()
#=> {:ok, [%ChangeEvent{op: :insert, ...}]}

      


      
        Summary
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        op()

      


        Changeset operation type



    


    
      
        t()

      


        ChangeEvent struct



    





  
    Functions
  


    
      
        changeset(change_event)

      


        Extract the changeset from a ChangeEvent.



    


    
      
        delete(changeset, opts \\ [])

      


        Create a delete event.



    


    
      
        insert(changeset, opts \\ [])

      


        Create an insert event.



    


    
      
        op(change_event)

      


        Extract the operation type from a ChangeEvent.



    


    
      
        opts(change_event)

      


        Extract the options from a ChangeEvent.



    


    
      
        schema(change_event)

      


        Extract the schema module from a ChangeEvent.



    


    
      
        update(changeset, opts \\ [])

      


        Create an update event.



    


    
      
        upsert(changeset, opts \\ [])

      


        Create an upsert event.
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          @type op() :: :insert | :update | :upsert | :delete


      


Changeset operation type

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Skuld.Effects.ChangeEvent{
  changeset: Ecto.Changeset.t(),
  op: op(),
  opts: keyword()
}


      


ChangeEvent struct
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      changeset(change_event)



        
          
        

    

  


  

      

          @spec changeset(t()) :: Ecto.Changeset.t()


      


Extract the changeset from a ChangeEvent.

  



    

  
    
      
    
    
      delete(changeset, opts \\ [])



        
          
        

    

  


  

      

          @spec delete(
  Ecto.Changeset.t(),
  keyword()
) :: t()


      


Create a delete event.
Example
ChangeEvent.delete(Ecto.Changeset.change(user))
ChangeEvent.delete(changeset, stale_error_field: :id)

  



    

  
    
      
    
    
      insert(changeset, opts \\ [])



        
          
        

    

  


  

      

          @spec insert(
  Ecto.Changeset.t(),
  keyword()
) :: t()


      


Create an insert event.
Example
ChangeEvent.insert(User.changeset(%User{}, attrs))
ChangeEvent.insert(changeset, returning: true)

  



  
    
      
    
    
      op(change_event)



        
          
        

    

  


  

      

          @spec op(t()) :: op()


      


Extract the operation type from a ChangeEvent.

  



  
    
      
    
    
      opts(change_event)



        
          
        

    

  


  

      

          @spec opts(t()) :: keyword()


      


Extract the options from a ChangeEvent.

  



  
    
      
    
    
      schema(change_event)



        
          
        

    

  


  

      

          @spec schema(t()) :: module()


      


Extract the schema module from a ChangeEvent.
Example
event = ChangeEvent.insert(User.changeset(%User{}, attrs))
ChangeEvent.schema(event)
#=> MyApp.User

  



    

  
    
      
    
    
      update(changeset, opts \\ [])



        
          
        

    

  


  

      

          @spec update(
  Ecto.Changeset.t(),
  keyword()
) :: t()


      


Create an update event.
Example
ChangeEvent.update(User.changeset(user, attrs))
ChangeEvent.update(changeset, force: true)

  



    

  
    
      
    
    
      upsert(changeset, opts \\ [])



        
          
        

    

  


  

      

          @spec upsert(
  Ecto.Changeset.t(),
  keyword()
) :: t()


      


Create an upsert event.
Example
ChangeEvent.upsert(changeset, conflict_target: :email)
ChangeEvent.upsert(changeset, on_conflict: :replace_all)

  


        

      


  

    
Skuld.Effects.ChangesetPersist 
    



      
Effect for persisting Ecto changesets to the database.
Provides both single operations (working with changesets or ChangeEvents)
and bulk operations (working with lists of changesets, maps, or ChangeEvents).
Single Operations
Accept either a raw changeset or a ChangeEvent:
user <- ChangesetPersist.insert(changeset)
user <- ChangesetPersist.insert(ChangeEvent.insert(changeset))

user <- ChangesetPersist.update(changeset)
user <- ChangesetPersist.upsert(changeset, conflict_target: :email)
{:ok, _} <- ChangesetPersist.delete(user)
Bulk Operations
Accept lists of changesets, maps, or ChangeEvents.
All elements MUST be for the same schema:
{count, users} <- ChangesetPersist.insert_all(User, changesets, returning: true)
{count, nil}   <- ChangesetPersist.update_all(User, changesets)
{count, nil}   <- ChangesetPersist.delete_all(User, structs)
Handlers
Production (Ecto Repo):
computation
|> ChangesetPersist.Ecto.with_handler(MyApp.Repo)
|> Comp.run!()
Testing (records calls, returns stubs):
{result, calls} =
  computation
  |> ChangesetPersist.Test.with_handler(fn op -> handle_op(op) end)
  |> Comp.run!()
Error Handling
Operations that fail (e.g., invalid changeset) will throw via the
Throw effect. Use Throw.with_handler() to catch errors:
comp do
  user <- ChangesetPersist.insert(changeset)
  return(user)
catch
  {:invalid_changeset, cs} -> return({:error, cs})
end
|> ChangesetPersist.Ecto.with_handler(Repo)
|> Throw.with_handler()
|> Comp.run!()
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        delete(input, opts \\ [])

      


        Delete a record from a struct, changeset, or ChangeEvent.



    


    
      
        delete_all(schema, entries, opts \\ [])

      


        Delete multiple records.



    


    
      
        insert(input, opts \\ [])

      


        Insert a record from a changeset or ChangeEvent.



    


    
      
        insert_all(schema, entries, opts \\ [])

      


        Insert multiple records.



    


    
      
        update(input, opts \\ [])

      


        Update a record from a changeset or ChangeEvent.



    


    
      
        update_all(schema, entries, opts \\ [])

      


        Update multiple records.



    


    
      
        upsert(input, opts \\ [])

      


        Insert or update a record (upsert) from a changeset or ChangeEvent.



    


    
      
        upsert_all(schema, entries, opts \\ [])

      


        Upsert multiple records.



    





      


      
        Functions


        


    

  
    
      
    
    
      delete(input, opts \\ [])



        
          
        

    

  


  

      

          @spec delete(
  struct() | Ecto.Changeset.t() | Skuld.Effects.ChangeEvent.t(),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Delete a record from a struct, changeset, or ChangeEvent.
Returns {:ok, struct} on success, throws on error.
Example
{:ok, user} <- ChangesetPersist.delete(user)
{:ok, user} <- ChangesetPersist.delete(ChangeEvent.delete(changeset))

  



    

  
    
      
    
    
      delete_all(schema, entries, opts \\ [])



        
          
        

    

  


  

      

          @spec delete_all(
  module(),
  [struct() | Ecto.Changeset.t() | Skuld.Effects.ChangeEvent.t()],
  keyword()
) ::
  Skuld.Comp.Types.computation()


      


Delete multiple records.
Accepts a list of structs, changesets, or ChangeEvents.
Returns {count, nil | [struct]}.
Example
{count, nil} <- ChangesetPersist.delete_all(User, users)

  



    

  
    
      
    
    
      insert(input, opts \\ [])



        
          
        

    

  


  

      

          @spec insert(
  Ecto.Changeset.t() | Skuld.Effects.ChangeEvent.t(),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Insert a record from a changeset or ChangeEvent.
Returns the inserted struct on success, throws on error.
Example
user <- ChangesetPersist.insert(User.changeset(attrs))
user <- ChangesetPersist.insert(ChangeEvent.insert(changeset))

  



    

  
    
      
    
    
      insert_all(schema, entries, opts \\ [])



        
          
        

    

  


  

      

          @spec insert_all(
  module(),
  [Ecto.Changeset.t() | map() | Skuld.Effects.ChangeEvent.t()],
  keyword()
) ::
  Skuld.Comp.Types.computation()


      


Insert multiple records.
Accepts a list of changesets, maps, or ChangeEvents. All must be for
the same schema.
Returns {count, nil | [struct]} depending on :returning option.
Example
{count, users} <- ChangesetPersist.insert_all(User, changesets, returning: true)
{count, nil} <- ChangesetPersist.insert_all(User, maps)

  



    

  
    
      
    
    
      update(input, opts \\ [])



        
          
        

    

  


  

      

          @spec update(
  Ecto.Changeset.t() | Skuld.Effects.ChangeEvent.t(),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Update a record from a changeset or ChangeEvent.
Returns the updated struct on success, throws on error.
Example
user <- ChangesetPersist.update(User.changeset(user, attrs))

  



    

  
    
      
    
    
      update_all(schema, entries, opts \\ [])



        
          
        

    

  


  

      

          @spec update_all(
  module(),
  [Ecto.Changeset.t() | Skuld.Effects.ChangeEvent.t()],
  keyword()
) ::
  Skuld.Comp.Types.computation()


      


Update multiple records.
For changesets/ChangeEvents: applies each update individually (not truly bulk).
For maps with :query option: uses Repo.update_all with the query.
Returns {count, nil | [struct]}.
Example
# Update each changeset individually
{count, users} <- ChangesetPersist.update_all(User, changesets, returning: true)

# Bulk update via query
{count, nil} <- ChangesetPersist.update_all(User, [], query: query, set: [active: false])

  



    

  
    
      
    
    
      upsert(input, opts \\ [])



        
          
        

    

  


  

      

          @spec upsert(
  Ecto.Changeset.t() | Skuld.Effects.ChangeEvent.t(),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Insert or update a record (upsert) from a changeset or ChangeEvent.
Returns the inserted/updated struct on success, throws on error.
Example
user <- ChangesetPersist.upsert(changeset, conflict_target: :email)

  



    

  
    
      
    
    
      upsert_all(schema, entries, opts \\ [])



        
          
        

    

  


  

      

          @spec upsert_all(
  module(),
  [Ecto.Changeset.t() | map() | Skuld.Effects.ChangeEvent.t()],
  keyword()
) ::
  Skuld.Comp.Types.computation()


      


Upsert multiple records.
Returns {count, nil | [struct]}.
Example
{count, users} <- ChangesetPersist.upsert_all(User, changesets,
  conflict_target: :email,
  returning: true
)

  


        

      


  

    
Skuld.Effects.Command 
    



      
Effect for dispatching commands through a unified pipeline.
Commands are structs representing mutations. The handler is a single function
(command -> computation) that can route commands however it likes (pattern
matching, map lookup, etc.). The returned computation can use other effects.
Example
defmodule MyCommandHandler do
  use Skuld.Syntax

  # Route via pattern matching
  def handle(%CreateTodo{title: title}) do
    comp do
      {:ok, todo} <- EctoPersist.insert(changeset(title))
      _ <- EventAccumulator.emit(%TodoCreated{id: todo.id})
      {:ok, todo}
    end
  end

  def handle(%DeleteTodo{id: id}) do
    comp do
      todo <- EctoPersist.get!(Todo, id)
      _ <- EctoPersist.delete(todo)
      _ <- EventAccumulator.emit(%TodoDeleted{id: id})
      :ok
    end
  end
end

# Use the Command effect
comp do
  {:ok, todo} <- Command.execute(%CreateTodo{title: "Buy milk"})
  todo
end
|> Command.with_handler(&MyCommandHandler.handle/1)
|> EctoPersist.with_handler(Repo)
|> EventAccumulator.with_handler()
|> Comp.run!()
Handler Function
The handler function has signature (command -> computation). The returned
computation can use any other effects installed in the pipeline. Routing
is entirely up to the handler - use pattern matching, map lookup, or any
other approach.

      


      
        Summary


  
    Types
  


    
      
        command_handler()

      


        Function that takes a command and returns a computation



    





  
    Functions
  


    
      
        __handle__(comp, handler_fn)

      


        Install Command handler via catch clause syntax.



    


    
      
        execute(command)

      


        Execute a command through the effect system.



    


    
      
        with_handler(comp, handler_fn)

      


        Install a command handler for a computation.



    





      


      
        Types


        


  
    
      
    
    
      command_handler()



        
          
        

    

  


  

      

          @type command_handler() :: (struct() -> Skuld.Comp.Types.computation())


      


Function that takes a command and returns a computation

  


        

      

      
        Functions


        


  
    
      
    
    
      __handle__(comp, handler_fn)



        
          
        

    

  


  

Install Command handler via catch clause syntax.
Config is the handler function:
catch
  Command -> &MyHandler.handle/1

  



  
    
      
    
    
      execute(command)



        
          
        

    

  


  

      

          @spec execute(struct()) :: Skuld.Comp.Types.computation()


      


Execute a command through the effect system.
The command will be passed to the installed handler function.
Example
Command.execute(%CreateTodo{title: "Buy milk"})

  



  
    
      
    
    
      with_handler(comp, handler_fn)



        
          
        

    

  


  

      

          @spec with_handler(Skuld.Comp.Types.computation(), command_handler()) ::
  Skuld.Comp.Types.computation()


      


Install a command handler for a computation.
The handler is a function (command -> computation) that receives the
command and returns a computation. The computation can use any other
effects installed in the pipeline.
Example
my_comp
|> Command.with_handler(&MyHandler.handle/1)
|> Comp.run!()

# Or with an anonymous function for dynamic routing:
my_comp
|> Command.with_handler(fn cmd ->
  handler = Map.fetch!(handlers, cmd.__struct__)
  handler.(cmd)
end)
|> Comp.run!()

  


        

      


  

    
Skuld.Effects.DB 
    



      
Example database effect with automatic I/O batching.
This module demonstrates how to implement a batchable effect using the
FiberPool's batching infrastructure. Multiple concurrent fetch operations
for the same schema are automatically batched into a single query.
Usage
To use DB effects with batching, you need to:
	Install batch executors using DB.with_executors/1 or BatchExecutor.with_executor/3
	Run the computation in a FiberPool

Example
alias Skuld.Effects.{DB, FiberPool}
alias Skuld.Syntax

comp do
  # Submit multiple fibers that each fetch a user
  h1 <- FiberPool.fiber(DB.fetch(User, 1))
  h2 <- FiberPool.fiber(DB.fetch(User, 2))
  h3 <- FiberPool.fiber(DB.fetch(User, 3))

  # Await all - the DB.fetch calls will be batched into one query
  FiberPool.await_all!([h1, h2, h3])
end
|> DB.with_executors()
|> Reader.with_value(:repo, MyApp.Repo)
|> FiberPool.with_handler()
|> FiberPool.run()
How It Works
	Each DB.fetch call returns an InternalSuspend with a Batch payload
	The FiberPool scheduler collects batch-suspended fibers
	When the run queue is empty, the scheduler groups suspensions by batch_key
	For each group, the registered executor runs a single batched query
	Results are distributed back to the waiting fibers


      


      
        Summary


  
    Functions
  


    
      
        fetch(schema, id)

      


        Fetch a single record by ID.



    


    
      
        fetch_all(schema, filter_key, filter_value)

      


        Fetch all records matching a filter.



    


    
      
        with_executors(comp)

      


        Install standard DB batch executors for a computation.



    


    
      
        with_fetch_all_executor(comp, schema, filter_key, executor)

      


        Install a custom fetch_all executor.



    


    
      
        with_fetch_executor(comp, schema, executor)

      


        Install a custom fetch executor.



    





      


      
        Functions


        


  
    
      
    
    
      fetch(schema, id)



        
          
        

    

  


  

      

          @spec fetch(module(), term()) :: Skuld.Comp.Types.computation()


      


Fetch a single record by ID.
The fetch operation suspends the current fiber and waits for batch execution.
Multiple fetch operations for the same schema are automatically batched.
Returns nil if the record is not found.

  



  
    
      
    
    
      fetch_all(schema, filter_key, filter_value)



        
          
        

    

  


  

      

          @spec fetch_all(module(), atom(), term()) :: Skuld.Comp.Types.computation()


      


Fetch all records matching a filter.
Multiple fetch_all operations with the same schema and filter_key are
automatically batched.
Returns a list of matching records.

  



  
    
      
    
    
      with_executors(comp)



        
          
        

    

  


  

      

          @spec with_executors(Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      


Install standard DB batch executors for a computation.
This installs executors for:
	{:db_fetch, :_} - Batched single-record fetches
	{:db_fetch_all, :_, :_} - Batched multi-record fetches

The executors use :repo from Reader to perform queries.
Example
comp do
  # ... DB operations ...
end
|> DB.with_executors()
|> Reader.with_value(:repo, MyApp.Repo)
|> FiberPool.run()

  



  
    
      
    
    
      with_fetch_all_executor(comp, schema, filter_key, executor)



        
          
        

    

  


  

      

          @spec with_fetch_all_executor(
  Skuld.Comp.Types.computation(),
  module(),
  atom(),
  Skuld.Fiber.FiberPool.BatchExecutor.executor()
) :: Skuld.Comp.Types.computation()


      


Install a custom fetch_all executor.

  



  
    
      
    
    
      with_fetch_executor(comp, schema, executor)



        
          
        

    

  


  

      

          @spec with_fetch_executor(
  Skuld.Comp.Types.computation(),
  module(),
  Skuld.Fiber.FiberPool.BatchExecutor.executor()
) :: Skuld.Comp.Types.computation()


      


Install a custom fetch executor.
Useful for testing with mock data.

  


        

      


  

    
Skuld.Effects.DBTransaction 
    



      
Effect for database transactions with automatic commit/rollback semantics.
Operations
	transact(comp) - Run a computation inside a transaction
	rollback(reason) - Explicitly roll back the current transaction

Behavior
Within a transact block:
	Normal completion: Transaction commits
	Throw: Transaction rolls back, throw propagates
	Suspend: Transaction rolls back, suspend propagates
	Explicit rollback: Transaction rolls back, returns {:rolled_back, reason}

Handlers
	DBTransaction.Ecto.with_handler/2,3 - Ecto-based transactions
	DBTransaction.Noop.with_handler/1 - No-op for testing

Example
alias Skuld.Comp
alias Skuld.Effects.DBTransaction
alias Skuld.Effects.DBTransaction.Ecto, as: EctoTx

comp do
  result <- DBTransaction.transact(comp do
    user <- create_user(attrs)

    if invalid?(user) do
      _ <- DBTransaction.rollback({:invalid_user, user})
    end

    return(user)
  end)

  return(result)
end
|> EctoTx.with_handler(MyApp.Repo)
|> Comp.run!()
Rollback on Throw
comp do
  result <- DBTransaction.transact(comp do
    _ <- Throw.throw(:something_went_wrong)
    return(:never_reached)
  end)
  return(result)
end
|> EctoTx.with_handler(MyApp.Repo)
|> Throw.with_handler()
|> Comp.run!()
# Transaction is rolled back, returns the throw error
Nested Transactions
Nested transact calls create savepoints (if supported by the database):
comp do
  result <- DBTransaction.transact(comp do
    _ <- insert_parent()

    inner_result <- DBTransaction.transact(comp do
      _ <- insert_child()
      return(:inner_done)
    end)

    return({:outer_done, inner_result})
  end)
  return(result)
end
|> EctoTx.with_handler(MyApp.Repo)
|> Comp.run!()

      


      
        Summary


  
    Functions
  


    
      
        rollback(reason)

      


        Explicitly roll back the current transaction.



    


    
      
        sig()

      


        Get the effect signature for handler installation.



    


    
      
        transact(comp)

      


        Run a computation inside a database transaction.



    





      


      
        Functions


        


  
    
      
    
    
      rollback(reason)



        
          
        

    

  


  

      

          @spec rollback(term()) :: Skuld.Comp.Types.computation()


      


Explicitly roll back the current transaction.
Must be called within a transact block. Returns {:rolled_back, reason}
after the transaction is rolled back.
Example
comp do
  result <- DBTransaction.transact(comp do
    user <- create_user(attrs)

    if should_abort?(user) do
      _ <- DBTransaction.rollback({:aborted, user.id})
    end

    return(user)
  end)

  return(result)
end

  



  
    
      
    
    
      sig()



        
          
        

    

  


  

Get the effect signature for handler installation.

  



  
    
      
    
    
      transact(comp)



        
          
        

    

  


  

      

          @spec transact(Skuld.Comp.Types.computation()) :: Skuld.Comp.Types.computation()


      


Run a computation inside a database transaction.
The inner computation will be executed within a transaction scope.
On normal completion, the transaction commits. On throw, suspend,
or explicit rollback, the transaction rolls back.
Parameters
	comp - The computation to run inside the transaction

Returns
A computation that returns the result of the inner computation,
or {:rolled_back, reason} if explicitly rolled back.
Example
comp do
  result <- DBTransaction.transact(comp do
    user <- insert_user(attrs)
    order <- insert_order(user, order_attrs)
    return({user, order})
  end)

  # result is {user, order} if successful
  return(result)
end
|> DBTransaction.Ecto.with_handler(MyApp.Repo)
|> Comp.run!()

  


        

      


  

    
Skuld.Effects.EventAccumulator 
    



      
Effect for accumulating events during computation.
Accumulates events in a simple list, preserving emission order.
This follows the
Decider pattern
where Events are facts about what happened.
Example
alias Skuld.Effects.{EventAccumulator, ChangeEvent}
alias Skuld.Comp

use Skuld.Syntax

# Accumulate events during computation
comp do
  user_cs = User.changeset(%User{}, %{name: "Alice"})
  _ <- EventAccumulator.emit(ChangeEvent.insert(user_cs))

  order_cs = Order.changeset(%Order{}, %{user_id: 1})
  _ <- EventAccumulator.emit(ChangeEvent.insert(order_cs))

  return(:ok)
end
|> EventAccumulator.with_handler(output: &{&1, &2})
|> Comp.run!()
#=> {:ok, [%ChangeEvent{...}, %ChangeEvent{...}]}
Options
The with_handler/2 accepts:
	:output - Transform function (result, events) -> output.
Default returns just the result, discarding the events.
Use output: &{&1, &2} to get {result, events}.

Grouping Events
If you need to group events by type, use EventAccumulator.IEvent.tag/1:
{result, events} = ...
events_by_tag = Enum.group_by(events, &EventAccumulator.IEvent.tag/1)
See Also
	Skuld.Effects.Writer - The underlying effect
	Skuld.Effects.ChangeEvent - Generic changeset operation wrapper


      


      
        Summary


  
    Functions
  


    
      
        __handle__(comp, opts)

      


        Install EventAccumulator handler via catch clause syntax.



    


    
      
        emit(event)

      


        Emit an event.



    


    
      
        with_handler(comp, opts \\ [])

      


        Install handler to capture events.



    





      


      
        Functions


        


  
    
      
    
    
      __handle__(comp, opts)



        
          
        

    

  


  

Install EventAccumulator handler via catch clause syntax.
Config is opts (or nil for defaults):
catch
  EventAccumulator -> nil
  EventAccumulator -> [output: fn r, events -> {r, events} end]

  



  
    
      
    
    
      emit(event)



        
          
        

    

  


  

      

          @spec emit(term()) :: Skuld.Comp.Types.computation()


      


Emit an event.
The event will be accumulated in emission order.
Returns :ok.
Example
_ <- EventAccumulator.emit(ChangeEvent.insert(changeset))
_ <- EventAccumulator.emit(%MyCustomEvent{data: "hello"})

  



    

  
    
      
    
    
      with_handler(comp, opts \\ [])



        
          
        

    

  


  

      

          @spec with_handler(
  Skuld.Comp.Types.computation(),
  keyword()
) :: Skuld.Comp.Types.computation()


      


Install handler to capture events.
Options
	:output - Transform function (result, events) -> output.
Default returns just the result, discarding the events.
Use output: &{&1, &2} to get {result, events}.

Example
comp
|> EventAccumulator.with_handler()
|> Comp.run!()
#=> result (events discarded)

comp
|> EventAccumulator.with_handler(output: &{&1, &2})
|> Comp.run!()
#=> {result, [event1, event2, ...]}

comp
|> EventAccumulator.with_handler(output: fn _result, events -> events end)
|> Comp.run!()
#=> [event1, event2, ...]

  


        

      


  

    
Skuld.Effects.Port 
    



      
Effect for dispatching parameterizable blocking calls to pluggable backends.
This effect lets domain code express "call this function" without binding to a
particular implementation. Each request specifies:
	mod – module implementing the function
	name – function name inside mod
	params – map of parameters

Use Cases
Port is ideal for wrapping any existing side-effecting Elixir code:
	Database queries
	HTTP API calls
	File system operations
	External service integrations
	Legacy code that performs I/O

Result Tuple Convention
Port handlers should return {:ok, value} or {:error, reason} tuples.
This convention enables two request modes:
	request/3 – returns the result tuple as-is for caller to handle
	request!/3 – unwraps {:ok, value} or dispatches Throw on error

Example
alias Skuld.Effects.Port

# Implementation returns result tuples - use Map pattern matching
defmodule MyApp.UserQueries do
  def find_by_id(%{id: id}) do
    case Repo.get(User, id) do
      nil -> {:error, {:not_found, User, id}}
      user -> {:ok, user}
    end
  end
end

# Using request/3 - returns result tuple
defcomp find_user(id) do
  result <- Port.request(MyApp.UserQueries, :find_by_id, %{id: id})
  case result do
    {:ok, user} -> return(user)
    {:error, _} -> return(nil)
  end
end

# Using request!/3 - unwraps or throws
defcomp find_user!(id) do
  user <- Port.request!(MyApp.UserQueries, :find_by_id, %{id: id})
  return(user)
end

# Runtime: dispatch to actual modules
find_user!(123)
|> Port.with_handler(%{MyApp.UserQueries => :direct})
|> Throw.with_handler()
|> Comp.run!()

# Test: stub responses with exact key matching
find_user!(123)
|> Port.with_test_handler(%{
  Port.key(MyApp.UserQueries, :find_by_id, %{id: 123}) => {:ok, %{id: 123, name: "Alice"}}
})
|> Throw.with_handler()
|> Comp.run!()

# Test: function-based handler with pattern matching
find_user!(123)
|> Port.with_fn_handler(fn
  MyApp.UserQueries, :find_by_id, %{id: id} -> {:ok, %{id: id, name: "User #{id}"}}
end)
|> Throw.with_handler()
|> Comp.run!()

      


      
        Summary


  
    Types
  


    
      
        fn_handler()

      


        Function handler for test scenarios - receives (mod, name, params)



    


    
      
        params()

      


        Map of parameters



    


    
      
        port_module()

      


        Module implementing name/1



    


    
      
        port_name()

      


        Function exported by port_module



    


    
      
        registry()

      


        Registry mapping port modules to resolvers



    


    
      
        resolver()

      


        Registry entry for dispatching requests.



    





  
    Functions
  


    
      
        __handle__(comp, registry)

      


        Install Port handler via catch clause syntax.



    


    
      
        key(mod, name, params)

      


        Build a canonical key usable with with_test_handler/2.



    


    
      
        request(mod, name, params \\ %{})

      


        Build a request for the given module/function.



    


    
      
        request!(mod, name, params \\ %{})

      


        Build a request that unwraps the result or throws on error.



    


    
      
        with_fn_handler(comp, handler_fn, opts \\ [])

      


        Install a function-based test handler.



    


    
      
        with_handler(comp, registry \\ %{}, opts \\ [])

      


        Install a scoped Port handler for a computation.



    


    
      
        with_test_handler(comp, responses, opts \\ [])

      


        Install a test handler with canned responses.



    





      


      
        Types


        


  
    
      
    
    
      fn_handler()



        
          
        

    

  


  

      

          @type fn_handler() :: (port_module(), port_name(), params() -> term())


      


Function handler for test scenarios - receives (mod, name, params)

  



  
    
      
    
    
      params()



        
          
        

    

  


  

      

          @type params() :: map()


      


Map of parameters

  



  
    
      
    
    
      port_module()



        
          
        

    

  


  

      

          @type port_module() :: module()


      


Module implementing name/1

  



  
    
      
    
    
      port_name()



        
          
        

    

  


  

      

          @type port_name() :: atom()


      


Function exported by port_module

  



  
    
      
    
    
      registry()



        
          
        

    

  


  

      

          @type registry() :: %{required(port_module()) => resolver()}


      


Registry mapping port modules to resolvers

  



  
    
      
    
    
      resolver()



        
          
        

    

  


  

      

          @type resolver() ::
  :direct
  | (port_module(), port_name(), params() -> term())
  | {module(), atom()}
  | module()


      


Registry entry for dispatching requests.
	:direct – call apply(mod, name, [params])
	function (arity 3) – fun.(mod, name, params)
	{module, function} – invokes apply(module, function, [mod, name, params])
	module – invokes module.handle_port(mod, name, params)


  


        

      

      
        Functions


        


  
    
      
    
    
      __handle__(comp, registry)



        
          
        

    

  


  

Install Port handler via catch clause syntax.
Config is the registry map, or {registry, opts}:
catch
  Port -> %{MyModule => :direct}
  Port -> {%{MyModule => :direct}, output: fn r, s -> {r, s} end}

  



  
    
      
    
    
      key(mod, name, params)



        
          
        

    

  


  

      

          @spec key(port_module(), port_name(), params()) ::
  {port_module(), port_name(), binary()}


      


Build a canonical key usable with with_test_handler/2.
Parameters are normalized to produce consistent keys regardless of
internal map ordering.
Example
Port.key(MyApp.UserQueries, :find_by_id, %{id: 123})

  



    

  
    
      
    
    
      request(mod, name, params \\ %{})



        
          
        

    

  


  

      

          @spec request(port_module(), port_name(), params()) :: Skuld.Comp.Types.computation()


      


Build a request for the given module/function.
Returns the result tuple {:ok, value} or {:error, reason} as-is,
allowing the caller to handle errors explicitly.
Example
Port.request(MyApp.UserQueries, :find_by_id, %{id: 123})
# => {:ok, %User{...}} or {:error, {:not_found, User, 123}}

  



    

  
    
      
    
    
      request!(mod, name, params \\ %{})



        
          
        

    

  


  

      

          @spec request!(port_module(), port_name(), params()) :: Skuld.Comp.Types.computation()


      


Build a request that unwraps the result or throws on error.
Expects the handler to return {:ok, value} or {:error, reason}.
On success, returns the unwrapped value. On error, dispatches a
Skuld.Effects.Throw effect with the reason.
Requires a Throw.with_handler/1 in the handler chain.
Example
Port.request!(MyApp.UserQueries, :find_by_id, %{id: 123})
# => %User{...} or throws {:not_found, User, 123}

  



    

  
    
      
    
    
      with_fn_handler(comp, handler_fn, opts \\ [])



        
          
        

    

  


  

      

          @spec with_fn_handler(Skuld.Comp.Types.computation(), fn_handler(), keyword()) ::
  Skuld.Comp.Types.computation()


      


Install a function-based test handler.
The handler function receives (mod, name, params) and can use Elixir's
full pattern matching power including guards, pins, and wildcards.
If no function clause matches, throws {:port_not_handled, mod, name, params}.
Example
handler = fn
  # Pin specific values
  MyApp.UserQueries, :find_by_id, %{id: ^expected_id} ->
    {:ok, %{id: expected_id, name: "Expected"}}

  # Match any value with wildcard
  MyApp.UserQueries, :find_by_id, %{id: _any_id} ->
    {:ok, %{id: "default", name: "Default"}}

  # Match with guards
  MyApp.Queries, :paginate, %{limit: l} when l > 100 ->
    {:error, :limit_too_high}

  # Match specific module, any function
  MyApp.AuditQueries, _function, _params ->
    :ok

  # Catch-all (optional)
  mod, fun, params ->
    raise "Unhandled: #{inspect(mod)}.#{fun}(#{inspect(params)})"
end

my_comp
|> Port.with_fn_handler(handler)
|> Throw.with_handler()
|> Comp.run!()
Property-Based Testing
Function handlers are ideal for property-based tests where exact values
aren't known upfront:
property "user lookup succeeds" do
  check all user_id <- uuid_generator() do
    handler = fn
      UserQueries, :find_by_id, %{id: ^user_id} ->
        {:ok, %{id: user_id, name: "Test User"}}
    end

    result =
      find_user(user_id)
      |> Port.with_fn_handler(handler)
      |> Throw.with_handler()
      |> Comp.run!()

    assert {:ok, _} = result
  end
end

  



    

    

  
    
      
    
    
      with_handler(comp, registry \\ %{}, opts \\ [])



        
          
        

    

  


  

      

          @spec with_handler(Skuld.Comp.Types.computation(), registry(), keyword()) ::
  Skuld.Comp.Types.computation()


      


Install a scoped Port handler for a computation.
Pass a registry map keyed by module to control how requests are
dispatched. Each entry can be one of:
	:direct – call apply(mod, name, [params])
	function (arity 3) – fun.(mod, name, params)
	{module, function} – invokes apply(module, function, [mod, name, params])
	module – invokes module.handle_port(mod, name, params)

Handlers may return any value. To signal errors, raise or use
Skuld.Effects.Throw.throw/1.
Example
my_comp
|> Port.with_handler(%{
  MyApp.UserQueries => :direct,
  MyApp.OrderQueries => MyApp.CachedHandler
})
|> Comp.run!()

  



    

  
    
      
    
    
      with_test_handler(comp, responses, opts \\ [])



        
          
        

    

  


  

      

          @spec with_test_handler(Skuld.Comp.Types.computation(), map(), keyword()) ::
  Skuld.Comp.Types.computation()


      


Install a test handler with canned responses.
Provide a map of responses keyed by Port.key/3. Missing keys will
throw {:port_not_stubbed, key} unless a fallback: function is provided.
Options
	:fallback - A function (mod, name, params) -> result to call when
no exact key match is found. Useful for handling dynamic parameters
while still using exact matching for known cases.
	:output - Transform result when leaving scope
	:suspend - Decorate Suspend values when yielding

Example
responses = %{
  Port.key(MyApp.UserQueries, :find_by_id, %{id: 123}) => {:ok, %{name: "Alice"}},
  Port.key(MyApp.UserQueries, :find_by_id, %{id: 456}) => {:error, :not_found}
}

my_comp
|> Port.with_test_handler(responses)
|> Throw.with_handler()
|> Comp.run!()

# With fallback for dynamic cases
my_comp
|> Port.with_test_handler(responses, fallback: fn
  MyApp.AuditQueries, _name, _params -> :ok
  mod, name, params -> raise "Unhandled: #{inspect(mod)}.#{name}"
end)
|> Throw.with_handler()
|> Comp.run!()

  


        

      


  

    
Skuld.Effects.EffectLogger 
    



      
Effect logging for replay, resume, and rerun capabilities.
EffectLogger captures effect invocations in a flat log, enabling:
	Replay: Short-circuit completed effects with logged values
	Resume: Continue suspended computations from where they left off
	Rerun: Re-execute failed computations, replaying successful effects

Architecture
EffectLogger works by wrapping effect handlers to intercept their invocations.
Each wrapped handler:
	Creates a log entry in :started state
	Installs a leave_scope to mark the entry as :discarded if the continuation
is abandoned (e.g., by a Throw effect)
	Wraps the continuation k to mark the entry as :executed when it completes
	Calls the original handler with the wrapped continuation

Flat Log Structure
Unlike a tree-structured log, entries are stored flat in execution order.
The leave_scope mechanism marks entries as :discarded when their
continuations are abandoned, preserving the information needed for replay.
Example - Basic Logging
alias Skuld.Comp
alias Skuld.Effects.{EffectLogger, State}

{{result, log}, _env} =
  my_comp
  |> EffectLogger.with_logging()
  |> State.with_handler(0)
  |> Comp.run()
Entry States
	:started - Handler invoked, continuation not yet completed (includes suspended)
	:executed - Handler called wrapped_k, continuation completed normally
	:discarded - Handler never called wrapped_k (e.g., Throw effect)

Hot vs Cold Resume
When a computation suspends (e.g., via Yield), there are two ways to resume:
Hot Resume (In-Memory)
If you have the live %Comp.ExternalSuspend{} struct, call the resume function directly:
alias Skuld.Effects.{EffectLogger, State, Yield}

# Run until suspension
{%Comp.ExternalSuspend{value: yielded, resume: resume}, env} =
  my_comp
  |> EffectLogger.with_logging()
  |> Yield.with_handler()
  |> State.with_handler(0)
  |> Comp.run()

# Hot resume - call continuation directly with input
{result, final_env} = resume.(my_input)
The resume function captures the live continuation and environment.
Cold Resume (Deserialized)
If you've serialized the log and later deserialize it, use with_resume/3,4:
alias Skuld.Effects.EffectLogger.Log

# Serialize log to JSON
json = Jason.encode!(log)

# Later... deserialize and cold resume
cold_log = json |> Jason.decode!() |> Log.from_json()

{{result, new_log}, _env} =
  my_comp
  |> EffectLogger.with_resume(cold_log, my_input)
  |> Yield.with_handler()
  |> State.with_handler(0)
  |> Comp.run()
Cold resume re-runs the computation, short-circuits :executed entries with
their logged values, and injects the resume value at the :started Yield entry.
Use Cases
	Logging/Tracing: Capture effect invocations for debugging or audit
	Replay: Re-run computation, short-circuiting with logged values
	Retry: Re-run after failure - :discarded entries are re-executed
	Resume: Continue after Yield suspension (hot or cold)

Loop Pruning with mark_loop
For long-running loop-based computations (like LLM conversation loops), the log
can grow unboundedly. The mark_loop/1 operation enables efficient pruning of
completed loop iterations while preserving state checkpoints for cold resume.
Basic Usage
alias Skuld.Effects.{EffectLogger, Yield}

defcomp conversation_loop(state) do
  # Mark iteration start - env.state is captured automatically
  _ <- EffectLogger.mark_loop(ConversationLoop)

  input <- Yield.yield(:await_input)
  state = handle_input(state, input)

  conversation_loop(state)
end

# Run with pruning enabled - no extra handler needed
{{result, log}, _env} =
  conversation_loop(initial_state)
  |> EffectLogger.with_logging(prune_loops: true)
  |> Yield.with_handler()
  |> Comp.run()
How It Works
	A root mark (:__root__) is auto-inserted on the first intercepted effect,
capturing the initial env.state
	Each EffectLogger.mark_loop(loop_id) captures current env.state
	When prune_loops: true, completed iterations are removed on finalization
	Only the last iteration's effects are retained, plus checkpoints
	Cold resume restores env.state from the most recent checkpoint

Nested Loops
For nested loops with different loop-ids, pruning respects the hierarchy:
defcomp outer_loop(state) do
  _ <- EffectLogger.mark_loop(OuterLoop)
  {result, state} <- inner_loop(state)
  outer_loop(state)
end

defcomp inner_loop(state) do
  _ <- EffectLogger.mark_loop(InnerLoop)
  # ... inner loop logic ...
  inner_loop(updated_state)
end
The hierarchy :__root__ <- OuterLoop <- InnerLoop is inferred from nesting
order. Pruning InnerLoop only removes entries between inner loop marks,
preserving outer loop structure. The root mark is never pruned.
Benefits
	Bounded log size: O(current_iteration) instead of O(total_iterations)
	Fast cold resume: Replay only current iteration, not entire history
	State restoration: env.state is restored from checkpoint on cold resume
	Preserved semantics: Full logging within each iteration

See EffectLogger.Log and EffectLogger.EffectLogEntry for details.
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        Get the current log from the environment



    


    
      
        handle(mark_loop, env, k)
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        Returns the root loop ID used for the implicit root mark.
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        Wrap a computation with effect logging.



    


    
      
        with_logging(comp, log, opts)

      


    


    
      
        with_resume(comp, log, resume_value)

      


        Resume a suspended computation from a cold (deserialized) log.
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        wrap_handler(sig, handler)

      


        Wrap an effect handler with logging.
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        Wrap a handler for replay mode.
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        Wrap a handler for resume mode.
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Install EffectLogger via catch clause syntax.
Config is opts, a Log for replay, or {log, opts}:
catch
  EffectLogger -> nil                    # fresh logging
  EffectLogger -> [effects: [State]]     # log specific effects
  EffectLogger -> log                    # replay from log
  EffectLogger -> {log, allow_divergence: true}  # replay with opts

  



  
    
      
    
    
      get_log(env)



        
          
        

    

  


  

      

          @spec get_log(Skuld.Comp.Types.env()) :: Skuld.Effects.EffectLogger.Log.t() | nil


      


Get the current log from the environment

  



  
    
      
    
    
      handle(mark_loop, env, k)



        
          
        

    

  


  

      

          @spec handle(term(), Skuld.Comp.Types.env(), Skuld.Comp.Types.k()) ::
  {Skuld.Comp.Types.result(), Skuld.Comp.Types.env()}


      


Handle EffectLogger operations.
Currently handles:
	MarkLoop - Records loop iteration boundary, returns :ok


  



  
    
      
    
    
      mark_loop(loop_id)



        
          
        

    

  


  

      

          @spec mark_loop(atom()) :: Skuld.Comp.Types.computation()


      


Mark the start of a loop iteration with a loop identifier.
This creates a boundary in the effect log that enables pruning of completed
loop iterations. The current env.state is automatically captured for
cold resume. Only meaningful when used with with_logging(prune_loops: true).
Parameters
	loop_id - Atom identifying which loop this mark belongs to (module atoms work well)

Example
defcomp conversation_loop(state) do
  # Mark iteration start - env.state captured automatically
  _ <- EffectLogger.mark_loop(ConversationLoop)

  input <- Yield.yield(:await_input)
  state = handle_input(state, input)

  conversation_loop(state)
end

# Run with pruning - only last iteration kept in log
{{result, log}, _env} =
  conversation_loop(initial_state)
  |> EffectLogger.with_logging(prune_loops: true)
  |> Yield.with_handler()
  |> Comp.run()

  



  
    
      
    
    
      put_log(env, log)



        
          
        

    

  


  

      

          @spec put_log(Skuld.Comp.Types.env(), Skuld.Effects.EffectLogger.Log.t()) ::
  Skuld.Comp.Types.env()


      


Put a log into the environment

  



  
    
      
    
    
      root_loop_id()



        
          
        

    

  


  

      

          @spec root_loop_id() :: atom()


      


Returns the root loop ID used for the implicit root mark.

  



  
    
      
    
    
      update_log(env, f)



        
          
        

    

  


  

      

          @spec update_log(Skuld.Comp.Types.env(), (Skuld.Effects.EffectLogger.Log.t() ->
                                      Skuld.Effects.EffectLogger.Log.t())) ::
  Skuld.Comp.Types.env()


      


Update the log in the environment

  



    

  
    
      
    
    
      with_logging(comp, opts \\ [])



        
          
        

    

  


  

      

          @spec with_logging(
  Skuld.Comp.Types.computation(),
  keyword()
) :: Skuld.Comp.Types.computation()


          @spec with_logging(Skuld.Comp.Types.computation(), Skuld.Effects.EffectLogger.Log.t()) ::
  Skuld.Comp.Types.computation()


      


Wrap a computation with effect logging.
Automatically wraps handlers already installed in the env with logging.
Initializes the log and extracts it when the computation completes.
The result is transformed to {original_result, log}.
This should be the INNERMOST wrapper (immediately after the computation
in the pipe), so it can see handlers installed by outer wrappers.
Variants
	with_logging(comp) - Fresh logging, capture all effects
	with_logging(comp, opts) - Fresh logging with options
	with_logging(comp, log) - Replay from existing log
	with_logging(comp, log, opts) - Replay with options

Options
	:effects - List of effect signatures to log. Default is all handlers in env.

	:allow_divergence - (replay only) If true, allow effects that don't match the log.

	:prune_loops - If true (default), prune completed loop segments eagerly after each
mark_loop/1 call. This keeps memory bounded during long-running computations.
Set to false to preserve all entries (e.g., for debugging).

	:state_keys - List of env.state keys to include in EnvStateSnapshot captures.
Default :all includes everything. Use this to filter out constant Reader state:
state_keys: [{Skuld.Effects.State, MyApp.Counter}]
This only captures the specified State keys, excluding Reader/other constant state.

	:decorate_suspend - If true (default), attach the current finalized log to
ExternalSuspend.data[EffectLogger] when yielding. This allows AsyncComputation callers to
access the log without needing the full env. Set to false to disable.


Example - Fresh Logging
{{result, log}, _env} =
  my_comp
  |> EffectLogger.with_logging()
  |> State.with_handler(0)
  |> Comp.run()

# Or specify which effects to log:
{{result, log}, _env} =
  my_comp
  |> EffectLogger.with_logging(effects: [State])
  |> State.with_handler(0)
  |> Reader.with_handler(:config)
  |> Comp.run()
Example - Replay
# First run - capture log
{{result1, log}, _} =
  my_comp
  |> EffectLogger.with_logging()
  |> State.with_handler(0)
  |> Comp.run()

# Replay - short-circuit with logged values
{{result2, _}, _} =
  my_comp
  |> EffectLogger.with_logging(log)
  |> State.with_handler(0)
  |> Comp.run()

assert result1 == result2

  



  
    
      
    
    
      with_logging(comp, log, opts)



        
          
        

    

  


  

      

          @spec with_logging(
  Skuld.Comp.Types.computation(),
  Skuld.Effects.EffectLogger.Log.t(),
  keyword()
) ::
  Skuld.Comp.Types.computation()
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          @spec with_resume(
  Skuld.Comp.Types.computation(),
  Skuld.Effects.EffectLogger.Log.t(),
  term()
) ::
  Skuld.Comp.Types.computation()


      


Resume a suspended computation from a cold (deserialized) log.
Re-runs the computation from scratch, short-circuiting completed effects with
their logged values. When reaching the suspension point (the :started Yield
entry), injects resume_value instead of actually suspending, then continues
with fresh execution.
Parameters
	comp - The computation to run
	log - The log ending with a :started Yield entry (from suspension)
	resume_value - The value to inject at the suspension point
	opts - Options (same as with_logging/3)

Example
alias Skuld.Effects.EffectLogger.Log

# Original run - suspended
{{%Comp.ExternalSuspend{value: yielded}, log}, _} =
  my_comp
  |> EffectLogger.with_logging()
  |> Yield.with_handler()
  |> State.with_handler(0)
  |> Comp.run()

# Serialize and later deserialize
json = Log.to_json(log)
{:ok, cold_log} = Log.from_json(json)

# Cold resume with injected value
{{result, new_log}, _} =
  my_comp
  |> EffectLogger.with_resume(cold_log, :my_input)
  |> Yield.with_handler()
  |> State.with_handler(0)
  |> Comp.run()

  



  
    
      
    
    
      with_resume(comp, log, resume_value, opts)



        
          
        

    

  


  

      

          @spec with_resume(
  Skuld.Comp.Types.computation(),
  Skuld.Effects.EffectLogger.Log.t(),
  term(),
  keyword()
) ::
  Skuld.Comp.Types.computation()
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          @spec wrap_handler(module(), Skuld.Comp.Types.handler()) :: Skuld.Comp.Types.handler()


      


Wrap an effect handler with logging.
The wrapped handler will log each effect invocation, tracking:
	When the effect starts (creates entry in :started state)
	When the effect completes (marks entry as :executed with value)
	When the continuation is abandoned (marks entry as :discarded)

Parameters
	sig - The effect signature (module) for logging
	handler - The original handler function (args, env, k) -> {result, env}

Returns
A wrapped handler function with the same signature.
Example
logged_handler = EffectLogger.wrap_handler(State, &State.handle/3)

comp
|> Comp.with_handler(State, logged_handler)
|> EffectLogger.with_logging()
|> Comp.run()
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          @spec wrap_replay_handler(module(), Skuld.Comp.Types.handler()) ::
  Skuld.Comp.Types.handler()


      


Wrap a handler for replay mode.
During replay, if the next entry in the log queue matches this effect
and can be short-circuited, returns the logged value directly.
Otherwise, executes the handler normally.
Parameters
	sig - The effect signature (module)
	handler - The original handler function

Example
replay_handler = EffectLogger.wrap_replay_handler(State, &State.handle/3)

{{result, _log}, _env} =
  my_comp
  |> Comp.with_handler(State, replay_handler)
  |> EffectLogger.with_logging(previous_log)
  |> Comp.run()
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          @spec wrap_resume_handler(module(), Skuld.Comp.Types.handler()) ::
  Skuld.Comp.Types.handler()


      


Wrap a handler for resume mode.
Like wrap_replay_handler/2, but when encountering a :started Yield entry
(the suspension point), injects the stored resume value instead of suspending.
The resume value is stored in env by with_resume/4 and cleared after use.
Parameters
	sig - The effect signature (module)
	handler - The original handler function

Returns
A wrapped handler function.

  


        

      


  

    
Skuld.Effects.EffectLogger.Log 
    



      
A flat log of effect invocations.
The log captures effects in execution order (when they started), enabling:
	Replay: Short-circuit completed entries with their logged values
	Resume: Continue suspended computations from where they left off
	Rerun: Re-execute failed computations, replaying successful entries

Flat Structure
Unlike a tree-structured log, this log stores entries in a flat list ordered
by when each effect started. The hierarchical structure of the computation
is NOT captured. Instead, we use leave_scope handlers to mark entries as
:discarded when their continuations are abandoned (e.g., by a Throw effect).
Stack/Queue Model
	effect_stack - Entries being built during execution (newest first)
	effect_queue - Entries to replay (oldest first) during resume/rerun
	allow_divergence? - Whether to accept effects that don't match the log

Example: Throw with Catch
Consider a computation where EffectC throws and is caught:
EffectA fires → completes normally
  ↳ [catch scope]
    ↳ EffectB fires → handler completes
      ↳ EffectC fires (Throw) → discards continuation
      ↳ leave_scope marks C as :discarded
    ↳ leave_scope marks B as :discarded
  ↳ catch intercepts
    ↳ EffectD fires → completes normally
↳ EffectA completes
Resulting flat log:
[
  {A, :executed, value_A},
  {B, :discarded, value_B},   # has value - handler called wrapped_k
  {C, :discarded, nil},       # no value - handler discarded k
  {D, :executed, value_D}
]
Lifecycle
First Run
	Effects create entries pushed to effect_stack
	leave_scope handlers mark entries as :discarded when continuations are abandoned
	On finalize, stack is moved to queue for future replay

Replay/Resume
	effect_queue contains entries from previous run
	Effects check if they match queue head
	If match and can short-circuit, return logged value
	If match but cannot short-circuit, re-execute handler
	If no match and divergence allowed, continue with fresh execution

Divergence
By default, effects must match the log exactly (strict mode).
For rerun scenarios with patched code, enable divergence to allow
the computation to take a different path.
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        hierarchy()

      


        Loop hierarchy mapping: loop_id => parent_loop_id (nil for root loops).



    


    
      
        t()

      


    





  
    Functions
  


    
      
        allow_divergence(log)

      


        Enable divergence mode on a log.



    


    
      
        ancestor?(hierarchy, ancestor_id, descendant_id)

      


        Check if ancestor_id is an ancestor of descendant_id in the hierarchy.



    


    
      
        ancestors(hierarchy, loop_id)

      


        Get all ancestors of a loop_id (from immediate parent up to root).



    


    
      
        build_loop_hierarchy(log)

      


        Build the loop hierarchy from log entries.



    


    
      
        enable_prune_on_mark(log)

      


        Enable eager pruning on mark_loop.



    


    
      
        extract_loop_checkpoints(log)

      


        Extract the most recent env_state checkpoint for each loop_id from the log.



    


    
      
        finalize(log)

      


        Finalize the log after execution completes.



    


    
      
        find_entry(log, entry_id)

      


        Find an entry by ID in the effect stack.



    


    
      
        find_latest_checkpoint(log)

      


        Find the most recent mark entry in the log queue (for cold resume).



    


    
      
        from_json(map)

      


        Reconstruct Log from decoded JSON map.



    


    
      
        has_root_mark?(log)

      


        Check if the log contains a root mark (:__root__).



    


    
      
        mark_discarded(log, entry_id)

      


        Mark an entry as :discarded by its ID.



    


    
      
        new(arg \\ [])

      


        Create a new empty log or a log with entries.



    


    
      
        peek_queue(log)

      


        Get the head entry from the effect queue without removing it.



    


    
      
        pop_queue(log)

      


        Pop an entry from the effect queue for replay.



    


    
      
        prune_completed_loops(log)

      


        Prune completed loop segments, respecting the loop hierarchy.



    


    
      
        prune_in_place(log)

      


        Prune completed loop segments in place, suitable for use during execution.



    


    
      
        push_entry(log, entry)

      


        Push an entry onto the effect stack.



    


    
      
        queue_empty?(log)

      


        Check if the effect queue is empty.



    


    
      
        to_list(log)

      


        Get all entries as a list (for inspection/debugging).



    


    
      
        update_head(log, update_fn)

      


        Update the most recent entry on the stack.
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      hierarchy()



        
          
        

    

  


  

      

          @type hierarchy() :: %{required(atom()) => atom() | nil}


      


Loop hierarchy mapping: loop_id => parent_loop_id (nil for root loops).

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Skuld.Effects.EffectLogger.Log{
  allow_divergence?: boolean(),
  effect_queue: [Skuld.Effects.EffectLogger.EffectLogEntry.t()],
  effect_stack: [Skuld.Effects.EffectLogger.EffectLogEntry.t()],
  prune_on_mark?: boolean()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      allow_divergence(log)



        
          
        

    

  


  

      

          @spec allow_divergence(t()) :: t()


      


Enable divergence mode on a log.
When allow_divergence? is true, the logger will accept effects that don't
match the logged entries. This is used for rerun scenarios where
patched code may take a different path.

  



  
    
      
    
    
      ancestor?(hierarchy, ancestor_id, descendant_id)



        
          
        

    

  


  

      

          @spec ancestor?(hierarchy(), atom(), atom()) :: boolean()


      


Check if ancestor_id is an ancestor of descendant_id in the hierarchy.
Returns true if walking up from descendant_id reaches ancestor_id.
Example
hierarchy = %{M1 => nil, M2 => M1, M3 => M2}
Log.ancestor?(hierarchy, M1, M3)  # => true (M1 <- M2 <- M3)
Log.ancestor?(hierarchy, M3, M1)  # => false
Log.ancestor?(hierarchy, M1, M1)  # => false (not an ancestor of itself)

  



  
    
      
    
    
      ancestors(hierarchy, loop_id)



        
          
        

    

  


  

      

          @spec ancestors(hierarchy(), atom()) :: [atom()]


      


Get all ancestors of a loop_id (from immediate parent up to root).
Returns a list of ancestor loop_ids, closest first.
Example
hierarchy = %{M1 => nil, M2 => M1, M3 => M2}
Log.ancestors(hierarchy, M3)  # => [M2, M1]
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          @spec build_loop_hierarchy(t()) :: hierarchy()


      


Build the loop hierarchy from log entries.
Scans entries in execution order and determines parent-child relationships
based on nesting order. The first unique loop-id seen is a root (parent = nil).
Loop-ids seen inside another loop's segment become children.
Example
# Log with: M1 -> M2 -> M3 -> M3 -> M1 -> M2 -> M3
hierarchy = Log.build_loop_hierarchy(log)
# => %{M1 => nil, M2 => M1, M3 => M2}

  



  
    
      
    
    
      enable_prune_on_mark(log)



        
          
        

    

  


  

      

          @spec enable_prune_on_mark(t()) :: t()


      


Enable eager pruning on mark_loop.
When enabled, prune_completed_loops/1 is called after each mark_loop effect,
keeping the log bounded during long-running computations.

  



  
    
      
    
    
      extract_loop_checkpoints(log)



        
          
        

    

  


  

      

          @spec extract_loop_checkpoints(t()) :: %{required(atom()) => term()}


      


Extract the most recent env_state checkpoint for each loop_id from the log.
Returns a map of loop_id => env_state (the captured state from the most recent mark).
Example
checkpoints = Log.extract_loop_checkpoints(log)
# => %{:__root__ => %{...initial state...}, MyLoop => %{...state at mark...}}

  



  
    
      
    
    
      finalize(log)



        
          
        

    

  


  

      

          @spec finalize(t()) :: t()


      


Finalize the log after execution completes.
Moves entries from effect_stack to effect_queue, preparing for future replay.
Entries are reversed so they're in execution order (oldest first).

  



  
    
      
    
    
      find_entry(log, entry_id)



        
          
        

    

  


  

      

          @spec find_entry(t(), String.t()) ::
  Skuld.Effects.EffectLogger.EffectLogEntry.t() | nil


      


Find an entry by ID in the effect stack.

  



  
    
      
    
    
      find_latest_checkpoint(log)



        
          
        

    

  


  

      

          @spec find_latest_checkpoint(t()) ::
  Skuld.Effects.EffectLogger.EffectLogEntry.t() | nil


      


Find the most recent mark entry in the log queue (for cold resume).
Returns the MarkLoop entry with the most recent env_state, or nil.

  



  
    
      
    
    
      from_json(map)



        
          
        

    

  


  

      

          @spec from_json(map()) :: t()


      


Reconstruct Log from decoded JSON map.

  



  
    
      
    
    
      has_root_mark?(log)



        
          
        

    

  


  

      

          @spec has_root_mark?(t()) :: boolean()


      


Check if the log contains a root mark (:__root__).
The root mark is lazily inserted on the first intercepted effect.

  



  
    
      
    
    
      mark_discarded(log, entry_id)



        
          
        

    

  


  

      

          @spec mark_discarded(t(), String.t()) :: t()


      


Mark an entry as :discarded by its ID.
Used by leave_scope handlers when a continuation is abandoned.
Searches the effect_stack for an entry with the given ID and marks it.

  



    

  
    
      
    
    
      new(arg \\ [])



        
          
        

    

  


  

      

          @spec new([Skuld.Effects.EffectLogger.EffectLogEntry.t()]) :: t()


      


Create a new empty log or a log with entries.
Variants
	new() - Create empty log
	new(entries) - Create log with entries for replay


  



  
    
      
    
    
      peek_queue(log)



        
          
        

    

  


  

      

          @spec peek_queue(t()) :: Skuld.Effects.EffectLogger.EffectLogEntry.t() | nil


      


Get the head entry from the effect queue without removing it.

  



  
    
      
    
    
      pop_queue(log)



        
          
        

    

  


  

      

          @spec pop_queue(t()) :: {Skuld.Effects.EffectLogger.EffectLogEntry.t(), t()} | nil


      


Pop an entry from the effect queue for replay.
Returns {entry, updated_log} or nil if queue is empty.

  



  
    
      
    
    
      prune_completed_loops(log)



        
          
        

    

  


  

      

          @spec prune_completed_loops(t()) :: t()


      


Prune completed loop segments, respecting the loop hierarchy.
For each loop-id, removes all but the last segment (entries since the most
recent mark). Pruning for a given loop_id stops at marks of ancestor loops,
preserving the outer loop structure.
The most recent checkpoint for each loop_id is preserved in loop_checkpoints.
Example
# Before: M1 -> E1 -> M2 -> E2 -> M3 -> E3 -> M3 -> E4 -> M1 -> E5 -> M2 -> E6 -> M3 -> E7
# After:  M1 -> E5 -> M2 -> E6 -> M3 -> E7
# (plus checkpoints from the pruned M1, M2, M3 marks)

  



  
    
      
    
    
      prune_in_place(log)



        
          
        

    

  


  

      

          @spec prune_in_place(t()) :: t()


      


Prune completed loop segments in place, suitable for use during execution.
Unlike prune_completed_loops/1, this keeps entries on the stack so that
new entries pushed after pruning maintain correct execution order.

  



  
    
      
    
    
      push_entry(log, entry)



        
          
        

    

  


  

      

          @spec push_entry(t(), Skuld.Effects.EffectLogger.EffectLogEntry.t()) :: t()


      


Push an entry onto the effect stack.

  



  
    
      
    
    
      queue_empty?(log)



        
          
        

    

  


  

      

          @spec queue_empty?(t()) :: boolean()


      


Check if the effect queue is empty.

  



  
    
      
    
    
      to_list(log)



        
          
        

    

  


  

      

          @spec to_list(t()) :: [Skuld.Effects.EffectLogger.EffectLogEntry.t()]


      


Get all entries as a list (for inspection/debugging).
Returns entries in execution order.

  



  
    
      
    
    
      update_head(log, update_fn)



        
          
        

    

  


  

      

          @spec update_head(t(), (Skuld.Effects.EffectLogger.EffectLogEntry.t() ->
                    Skuld.Effects.EffectLogger.EffectLogEntry.t())) :: t()


      


Update the most recent entry on the stack.
Used by wrapped_k to mark an entry as :executed with its value.

  


        

      


  

    
Skuld.Comp.Cancelled 
    



      
Sentinel indicating a computation was cancelled.
Like Throw, Cancelled goes through the leave_scope chain, allowing
effects to clean up resources (close connections, release locks, etc.)
when a computation is cancelled.
Usage
When cancelling a suspended computation, use Skuld.Comp.cancel/2:
# Computation yielded a Suspend
{%Suspend{} = suspend, env} = Comp.run(my_comp)

# Cancel it (invokes leave_scope chain for cleanup)
{%Cancelled{reason: :user_cancelled}, final_env} =
  Comp.cancel(suspend, env, :user_cancelled)
Effect Cleanup
Effects can detect cancellation in their leave_scope handler:
def my_leave_scope(result, env) do
  case result do
    %Cancelled{reason: reason} ->
      cleanup_resources(reason)
      {result, env}

    _ ->
      {result, env}
  end
end
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      t()



        
          
        

    

  


  

      

          @type t() :: %Skuld.Comp.Cancelled{reason: term()}


      



  


        

      


  

    
Skuld.Comp.Env 
    



      
Environment construction and manipulation.
The Env struct carries evidence (handlers), state, and the leave-scope chain.
It supports extension fields - arbitrary atom keys can be added via Map.put/3.

      


      
        Summary


  
    Types
  


    
      
        t()

      


        The environment struct. Supports extension fields beyond the core struct keys
(structs are maps, so Map.put(env, :custom_key, value) works).



    





  
    Functions
  


    
      
        delete_handler(env, sig)

      


        Remove a handler for an effect signature



    


    
      
        get_handler(env, sig)

      


        Get handler for an effect signature (returns nil if missing)



    


    
      
        get_handler!(env, sig)

      


        Get handler for an effect signature (raises if missing)



    


    
      
        get_leave_scope(env)

      


        Get the current leave-scope handler (returns identity if nil)



    


    
      
        get_state(env, key, default \\ nil)

      


        Get state for an effect



    


    
      
        get_transform_suspend(env)

      


        Get the current transform-suspend handler (returns identity if nil)



    


    
      
        new()

      


        Create a fresh environment with identity leave-scope and transform-suspend



    


    
      
        put_state(env, key, value)

      


        Update state for an effect



    


    
      
        with_handler(env, sig, handler)

      


        Install a handler for an effect signature



    


    
      
        with_leave_scope(env, new_leave_scope)

      


        Install a new leave-scope handler



    


    
      
        with_transform_suspend(env, new_transform_suspend)

      


        Install a new transform-suspend handler
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      t()



        
          
        

    

  


  

      

          @type t() :: %Skuld.Comp.Env{
  evidence: %{required(Skuld.Comp.Types.sig()) => Skuld.Comp.Types.handler()},
  leave_scope: Skuld.Comp.Types.leave_scope() | nil,
  state: %{required(term()) => term()},
  transform_suspend: Skuld.Comp.Types.transform_suspend() | nil
}


      


The environment struct. Supports extension fields beyond the core struct keys
(structs are maps, so Map.put(env, :custom_key, value) works).

  


        

      

      
        Functions


        


  
    
      
    
    
      delete_handler(env, sig)



        
          
        

    

  


  

      

          @spec delete_handler(Skuld.Comp.Types.env(), Skuld.Comp.Types.sig()) ::
  Skuld.Comp.Types.env()


      


Remove a handler for an effect signature

  



  
    
      
    
    
      get_handler(env, sig)



        
          
        

    

  


  

      

          @spec get_handler(Skuld.Comp.Types.env(), Skuld.Comp.Types.sig()) ::
  Skuld.Comp.Types.handler() | nil


      


Get handler for an effect signature (returns nil if missing)

  



  
    
      
    
    
      get_handler!(env, sig)



        
          
        

    

  


  

      

          @spec get_handler!(Skuld.Comp.Types.env(), Skuld.Comp.Types.sig()) ::
  Skuld.Comp.Types.handler()


      


Get handler for an effect signature (raises if missing)

  



  
    
      
    
    
      get_leave_scope(env)



        
          
        

    

  


  

      

          @spec get_leave_scope(Skuld.Comp.Types.env()) :: Skuld.Comp.Types.leave_scope()


      


Get the current leave-scope handler (returns identity if nil)

  



    

  
    
      
    
    
      get_state(env, key, default \\ nil)



        
          
        

    

  


  

      

          @spec get_state(Skuld.Comp.Types.env(), term(), term()) :: term()


      


Get state for an effect

  



  
    
      
    
    
      get_transform_suspend(env)



        
          
        

    

  


  

      

          @spec get_transform_suspend(t()) :: Skuld.Comp.Types.transform_suspend()


      


Get the current transform-suspend handler (returns identity if nil)

  



  
    
      
    
    
      new()



        
          
        

    

  


  

      

          @spec new() :: Skuld.Comp.Types.env()


      


Create a fresh environment with identity leave-scope and transform-suspend

  



  
    
      
    
    
      put_state(env, key, value)



        
          
        

    

  


  

      

          @spec put_state(Skuld.Comp.Types.env(), term(), term()) :: Skuld.Comp.Types.env()


      


Update state for an effect

  



  
    
      
    
    
      with_handler(env, sig, handler)



        
          
        

    

  


  

      

          @spec with_handler(
  Skuld.Comp.Types.env(),
  Skuld.Comp.Types.sig(),
  Skuld.Comp.Types.handler()
) ::
  Skuld.Comp.Types.env()


      


Install a handler for an effect signature

  



  
    
      
    
    
      with_leave_scope(env, new_leave_scope)



        
          
        

    

  


  

      

          @spec with_leave_scope(Skuld.Comp.Types.env(), Skuld.Comp.Types.leave_scope()) ::
  Skuld.Comp.Types.env()


      


Install a new leave-scope handler

  



  
    
      
    
    
      with_transform_suspend(env, new_transform_suspend)



        
          
        

    

  


  

      

          @spec with_transform_suspend(t(), Skuld.Comp.Types.transform_suspend()) :: t()


      


Install a new transform-suspend handler

  


        

      


  

    
Skuld.Comp.ExternalSuspend 
    



      
External suspension for yielding to code outside Skuld's env threading.
Unlike InternalSuspend (which receives env at resume time), this suspension
closes over the env at suspension point. Use this when:
	Yielding values to external code that doesn't understand Skuld's env
	The Yield effect's coroutine-style suspension
	Any suspension where the caller will provide a value but not an updated env

Resume Signature
resume :: (val) -> {result, env} - closes over env from suspension point
The :data field holds decorations added by scoped effects via transform_suspend.
Default is nil to distinguish "no decorations" from "empty decorations map".
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          @type t() :: %Skuld.Comp.ExternalSuspend{
  data: map() | nil,
  resume: (term() -> {term(), Skuld.Comp.Env.t()}) | nil,
  value: term()
}


      



  


        

      


  

    
Skuld.Comp.InternalSuspend 
    



      
Internal suspension for Env-aware code.
Unlike Comp.ExternalSuspend (which closes over env for external callbacks),
this suspension receives env at resume time, allowing callers to
supply an updated env when resuming.
Two Kinds of Suspension
External suspension (Comp.ExternalSuspend):
	resume :: (val) -> {result, env}
	Closes over env at suspension point
	For passing to external code that doesn't understand Skuld's env threading

Internal suspension (Comp.InternalSuspend):
	resume :: (val, env) -> {result, env}
	Does NOT close over env - receives it at resume time
	For schedulers/handlers that need to thread updated env through suspensions

Payload Types
The payload field contains a struct that identifies the kind of suspension:
	Batch - batchable operations (DB fetches, etc.)
	Channel - channel put/take operations
	Await - fiber await operations
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        await_all(handles, resume)

      


        Create an await-all suspension.



    


    
      
        await_any(handles, resume)

      


        Create an await-any suspension.



    


    
      
        await_one(handle, resume, opts \\ [])

      


        Create an await-one suspension.



    


    
      
        batch(op, request_id, resume)

      


        Create a batch operation suspension.



    


    
      
        channel_put(channel_id, item, resume)

      


        Create a channel put suspension.



    


    
      
        channel_take(channel_id, resume)

      


        Create a channel take suspension.
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          @type payload() ::
  Skuld.Comp.InternalSuspend.Batch.t()
  | Skuld.Comp.InternalSuspend.Channel.t()
  | Skuld.Comp.InternalSuspend.Await.t()
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          @type t() :: %Skuld.Comp.InternalSuspend{
  payload: payload(),
  resume: (term(), Skuld.Comp.Types.env() -> {term(), Skuld.Comp.Types.env()})
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      await_all(handles, resume)



        
          
        

    

  


  

      

          @spec await_all([Skuld.Fiber.Handle.t()], Skuld.Comp.Types.k()) :: t()


      


Create an await-all suspension.

  



  
    
      
    
    
      await_any(handles, resume)



        
          
        

    

  


  

      

          @spec await_any([Skuld.Fiber.Handle.t()], Skuld.Comp.Types.k()) :: t()


      


Create an await-any suspension.

  



    

  
    
      
    
    
      await_one(handle, resume, opts \\ [])



        
          
        

    

  


  

      

          @spec await_one(Skuld.Fiber.Handle.t(), Skuld.Comp.Types.k(), keyword()) :: t()


      


Create an await-one suspension.
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          @spec batch(term(), reference(), Skuld.Comp.Types.k()) :: t()


      


Create a batch operation suspension.

  



  
    
      
    
    
      channel_put(channel_id, item, resume)



        
          
        

    

  


  

      

          @spec channel_put(reference(), term(), Skuld.Comp.Types.k()) :: t()


      


Create a channel put suspension.

  



  
    
      
    
    
      channel_take(channel_id, resume)



        
          
        

    

  


  

      

          @spec channel_take(reference(), Skuld.Comp.Types.k()) :: t()


      


Create a channel take suspension.

  


        

      


  

    
Skuld.Comp.Throw 
    



      
Error result that Catch recognizes
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          @type t() :: %Skuld.Comp.Throw{error: term()}


      



  


        

      


  

    
Skuld.Comp.Types 
    



      
Type definitions for Skuld.Comp.
These types define the core abstractions of the evidence-passing effect system.

      


      
        Summary


  
    Types
  


    
      
        computation()

      


        A computation awaiting execution



    


    
      
        env()

      


        The environment carrying evidence, state, and leave-scope



    


    
      
        handler()

      


        A handler interprets effect operations



    


    
      
        k()

      


        Continuation after an effect



    


    
      
        leave_scope()

      


        Leave-scope handler - cleans up or redirects



    


    
      
        result()

      


        Any result value - opaque to the framework



    


    
      
        sig()

      


        Effect signature - identifies which handler handles an operation. Can be a simple atom or a tuple for tagged effects.



    


    
      
        transform_suspend()

      


        Transform-suspend handler - decorates ExternalSuspend values when yielding
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      computation()



        
          
        

    

  


  

      

          @type computation() :: (env(), k() -> {result(), env()})


      


A computation awaiting execution

  



  
    
      
    
    
      env()



        
          
        

    

  


  

      

          @type env() :: Skuld.Comp.Env.t()


      


The environment carrying evidence, state, and leave-scope

  



  
    
      
    
    
      handler()



        
          
        

    

  


  

      

          @type handler() :: (args :: term(), env(), k() -> {result(), env()})


      


A handler interprets effect operations
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          @type k() :: (term(), env() -> {result(), env()})


      


Continuation after an effect

  



  
    
      
    
    
      leave_scope()



        
          
        

    

  


  

      

          @type leave_scope() :: (result(), env() -> {result(), env()})


      


Leave-scope handler - cleans up or redirects

  



  
    
      
    
    
      result()



        
          
        

    

  


  

      

          @type result() :: term()


      


Any result value - opaque to the framework

  



  
    
      
    
    
      sig()



        
          
        

    

  


  

      

          @type sig() :: atom() | {atom(), atom()}


      


Effect signature - identifies which handler handles an operation. Can be a simple atom or a tuple for tagged effects.

  



  
    
      
    
    
      transform_suspend()



        
          
        

    

  


  

      

          @type transform_suspend() :: (Skuld.Comp.ExternalSuspend.t(), env() ->
                          {Skuld.Comp.ExternalSuspend.t(), env()})


      


Transform-suspend handler - decorates ExternalSuspend values when yielding

  


        

      


  

    
Skuld.Comp.IHandle behaviour
    



      
Behaviour for effect operation handlers.
Implementing this behaviour provides:
	LSP autocomplete for the handle/3 callback signature
	Compile-time warnings if the callback is missing or has wrong arity
	Public handle/3 function that can be referenced as &Module.handle/3

Example
defmodule MyEffect do
  @behaviour Skuld.Comp.IHandle

  @impl Skuld.Comp.IHandle
  def handle(%Get{}, env, k) do
    value = Env.get_state(env, @state_key)
    k.(value, env)
  end

  @impl Skuld.Comp.IHandle
  def handle(%Put{value: v}, env, k) do
    new_env = Env.put_state(env, @state_key, v)
    k.(:ok, new_env)
  end
end

# Install handler:
comp |> Comp.with_handler(MyEffect, &MyEffect.handle/3)
See Also
	Skuld.Comp.IIntercept - for effects supporting catch clause interception
	Skuld.Comp.IInstall - for effects supporting catch clause handler installation
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        Handle an effect operation.
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          @callback handle(args :: term(), env :: Skuld.Comp.Types.env(), k :: Skuld.Comp.Types.k()) ::
  {Skuld.Comp.Types.result(), Skuld.Comp.Types.env()}


      


Handle an effect operation.
Receives:
	args - the operation arguments (e.g., %Get{}, %Put{value: v})
	env - the current environment
	k - the continuation to invoke with the result

Must return {result, env} - either by calling k.(value, env) or
by returning a sentinel like {%Skuld.Comp.Throw{}, env}.

  


        

      


  

    
Skuld.Comp.IInstall behaviour
    



      
Behaviour for effects supporting handler installation via catch clauses.
This enables bare module patterns in catch clauses to install handlers:
comp do
  x <- State.get()
  x * 2
catch
  State -> 0   # calls State.__handle__(comp, 0)
end
Example
defmodule State do
  @behaviour Skuld.Comp.IInstall

  @impl Skuld.Comp.IInstall
  def __handle__(comp, initial), do: with_handler(comp, initial)
end
Config Interpretation
Effects can accept different config shapes:
# Simple value
def __handle__(comp, initial), do: with_handler(comp, initial)

# Tuple with options
def __handle__(comp, {initial, opts}), do: with_handler(comp, initial, opts)

# Keyword options
def __handle__(comp, opts) when is_list(opts), do: with_handler(comp, opts)

# Ignored config (e.g., Throw just needs to be installed)
def __handle__(comp, _config), do: with_handler(comp)
See Also
	Skuld.Comp.IHandle - for effect operation handling
	Skuld.Comp.IIntercept - for catch clause value interception
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        __handle__(comp, config)

      


        Install a handler for this effect, wrapping the computation.
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          @callback __handle__(
  comp :: Skuld.Comp.Types.computation(),
  config :: term()
) :: Skuld.Comp.Types.computation()


      


Install a handler for this effect, wrapping the computation.
The config term is effect-specific. Effects interpret it flexibly:
	State.__handle__(comp, initial) - initial state value
	Reader.__handle__(comp, env_value) - reader environment
	Throw.__handle__(comp, _) - ignores config
	Fresh.__handle__(comp, :uuid7) - handler variant selector


  


        

      


  

    
Skuld.Comp.IIntercept behaviour
    



      
Behaviour for effects supporting local interception via catch clauses.
This enables catch clauses in comp blocks to intercept effect-specific
values. Currently used by:
	Throw - intercepts errors for recovery
	Yield - intercepts yields for response generation

Example
defmodule Throw do
  @behaviour Skuld.Comp.IIntercept

  @impl Skuld.Comp.IIntercept
  def intercept(comp, handler_fn) do
    catch_error(comp, handler_fn)
  end
end
Usage in comp blocks
comp do
  x <- risky_operation()
  x * 2
catch
  {Throw, :not_found} -> return(:default)  # calls Throw.intercept/2
end
The handler_fn receives the intercepted value (effect-specific) and
must return a computation.
See Also
	Skuld.Comp.IHandle - for effect operation handling
	Skuld.Comp.IInstall - for catch clause handler installation
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        intercept(comp, handler_fn)

      


        Intercept effect operations locally within a computation.
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          @callback intercept(
  comp :: Skuld.Comp.Types.computation(),
  handler_fn :: (term() -> Skuld.Comp.Types.computation())
) :: Skuld.Comp.Types.computation()


      


Intercept effect operations locally within a computation.
The handler_fn receives the intercepted value (effect-specific) and
must return a computation:
	For Throw: receives the error, returns recovery computation
	For Yield: receives the yield value, returns computation producing resume input


  


        

      


  

    
Skuld.Comp.ISentinel protocol
    



      
Protocol for handling sentinel values in run/run! and generic sentinel inspection.
Sentinels are control flow values (Suspend, Throw, etc.) that bypass normal
computation flow. This protocol allows generic handling without coupling to
specific sentinel types.
Sentinel Categories
Sentinels fall into two categories:
	Suspend sentinels (suspend?/1 returns true): ExternalSuspend, InternalSuspend
These represent suspended computations that can be resumed.

	Error sentinels (error?/1 returns true): Throw, Cancelled
These represent error conditions that propagate up the call stack.


Plain values have sentinel?/1, suspend?/1, and error?/1 all return false.
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        All the types that implement this protocol.



    





  
    Functions
  


    
      
        error?(value)

      


        Is this an error sentinel (Throw, Cancelled)?



    


    
      
        run(result, env)

      


        Complete a computation result - invoke leave_scope or bypass for sentinels



    


    
      
        run!(value)

      


        Extract value or raise for sentinel types



    


    
      
        sentinel?(value)

      


        Is this a sentinel value? Returns false for plain values.



    


    
      
        serializable_payload(sentinel)

      


        Get the serializable payload (struct fields minus :resume). Used for logging/serialization.



    


    
      
        suspend?(value)

      


        Is this a suspend sentinel (ExternalSuspend, InternalSuspend)?
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          @type t() :: term()


      


All the types that implement this protocol.
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          @spec error?(t()) :: boolean()


      


Is this an error sentinel (Throw, Cancelled)?

  



  
    
      
    
    
      run(result, env)



        
          
        

    

  


  

      

          @spec run(t(), Skuld.Comp.Types.env()) ::
  {Skuld.Comp.Types.result(), Skuld.Comp.Types.env()}


      


Complete a computation result - invoke leave_scope or bypass for sentinels

  



  
    
      
    
    
      run!(value)



        
          
        

    

  


  

      

          @spec run!(t()) :: term()


      


Extract value or raise for sentinel types
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          @spec sentinel?(t()) :: boolean()


      


Is this a sentinel value? Returns false for plain values.

  



  
    
      
    
    
      serializable_payload(sentinel)



        
          
        

    

  


  

      

          @spec serializable_payload(t()) :: map()


      


Get the serializable payload (struct fields minus :resume). Used for logging/serialization.
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          @spec suspend?(t()) :: boolean()


      


Is this a suspend sentinel (ExternalSuspend, InternalSuspend)?

  


        

      


  

    
Skuld.Comp.IThrowable protocol
    



      
Protocol for unwrapping exceptions in Throw.try_catch/1.
When an exception is caught inside a computation and processed by
Throw.try_catch/1, this protocol determines how the exception is
converted to an error value.
Default Behavior
By default (via the Any fallback), exceptions are returned as-is:
raise ArgumentError, "bad input"
# try_catch returns: {:error, %ArgumentError{message: "bad input"}}
Custom Unwrapping
Domain exceptions can implement this protocol to provide cleaner error values
suitable for pattern matching:
defmodule MyApp.NotFoundError do
  defexception [:entity, :id]

  @impl true
  def message(%{entity: entity, id: id}) do
    "#{entity} not found: #{id}"
  end
end

defimpl Skuld.Comp.IThrowable, for: MyApp.NotFoundError do
  def unwrap(%{entity: entity, id: id}), do: {:not_found, entity, id}
end
Now when code raises this exception:
raise MyApp.NotFoundError, entity: :user, id: 123
# try_catch returns: {:error, {:not_found, :user, 123}}
This enables clean pattern matching on domain errors:
case result do
  {:ok, user} -> handle_user(user)
  {:error, {:not_found, :user, id}} -> handle_not_found(id)
  {:error, %ArgumentError{}} -> handle_bad_input()
end
When to Implement
Implement IThrowable for exceptions that represent domain errors -
expected failures that are part of your business logic. Examples:
	Validation failures
	Resource not found
	Permission denied
	Business rule violations

Leave the default behavior for unexpected errors - bugs or system
failures where you want the full exception for debugging:
	ArgumentError, KeyError, etc.
	Database connection errors
	External service failures
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        All the types that implement this protocol.
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        Extract the error value from an exception.
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          @type t() :: term()


      


All the types that implement this protocol.

  


        

      

      
        Functions


        


  
    
      
    
    
      unwrap(exception)



        
          
        

    

  


  

      

          @spec unwrap(t()) :: term()


      


Extract the error value from an exception.
Returns the value that should appear in {:error, value} when
Throw.try_catch/1 processes a caught exception.

  


        

      


  

    
Skuld.Effects.EventAccumulator.IEvent protocol
    



      
Protocol for tagging events for grouping.
This protocol is provided for consumers of the event log who want to
group events by type. The accumulator itself does not use this protocol -
it simply accumulates all events in a list.
Example
alias Skuld.Effects.EventAccumulator.IEvent

# Get events grouped by tag
{result, events} = comp |> EventAccumulator.with_handler(output: &{&1, &2}) |> Comp.run!()
events_by_tag = Enum.group_by(events, &IEvent.tag/1)
Default Behavior
By default (via the Any implementation), structs are tagged
by their module name:
IEvent.tag(%MyApp.UserCreated{user_id: 1})
#=> MyApp.UserCreated
Custom Implementation
You can implement the protocol for custom grouping:
defimpl Skuld.Effects.EventAccumulator.IEvent, for: MyApp.DomainEvent do
  def tag(%{aggregate_type: type}), do: type
end
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        All the types that implement this protocol.
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        tag(event)

      


        Returns the tag for grouping this event.
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          @type t() :: term()


      


All the types that implement this protocol.
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          @spec tag(t()) :: atom()


      


Returns the tag for grouping this event.
The tag is typically an atom (module name) used to group
related events together.

  


        

      


  

    
Skuld.Comp.InvalidComputation exception
    



      
Raised when a non-computation value is used where a computation is expected.
This typically indicates a programming bug such as forgetting return(value)
at the end of a comp block.

      




  

    
Skuld.Comp.MatchFailed 
    



      
Represents a pattern match failure in a comp block.
When a <- binding in a comp block with an else clause fails to match,
a %MatchFailed{} is thrown via Throw.throw/1. The else handler can
then pattern match on the unmatched value to provide recovery.
Example
comp do
  {:ok, x} <- maybe_returns_error()
  return(x)
else
  {:error, reason} -> return({:failed, reason})
end
If maybe_returns_error() returns {:error, :not_found}, the pattern
{:ok, x} fails to match, and %MatchFailed{value: {:error, :not_found}}
is thrown. The else handler catches this and matches against the value.
Uncaught Match Failures
If a match failure is not handled by the else clause (no pattern matches),
it propagates as %Comp.Throw{error: %MatchFailed{value: ...}}.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Skuld.Comp.MatchFailed{value: term()}


      



  


        

      


  

    
Skuld.Comp.ThrowError exception
    



      
Exception raised when a Skuld computation throws via Throw.throw/1
and the error is not caught.
This is distinct from Elixir's native exceptions - it represents an
intentional error thrown using Skuld's effect system.
Example
comp do
  _ <- Throw.throw(:not_found)
  :ok
end
|> Throw.with_handler()
|> Comp.run!()
# => raises %ThrowError{error: :not_found}

      




  

    
Skuld.Comp.UncaughtExit exception
    



      
Exception raised when an Elixir exit is not caught within a Skuld computation.
This wraps the exit reason so it can be re-raised with the original stacktrace.

      




  

    
Skuld.Comp.UncaughtThrow exception
    



      
Exception raised when an Elixir throw is not caught within a Skuld computation.
This wraps the thrown value so it can be re-raised with the original stacktrace.
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