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The goal of this talk
• A brief (or 10km-overview) of Streams 

• Review the major areas 

• Introduce the main terminology 

• If something is overlooked, please mention 

• Let’s discuss challenges (interactive)
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Processing 
stream of tweets

tweets
       ▷ filter(t => t.contains("#phdlife"))
       ▷ filter(t => Sentiment.detectSentiment(t) == POSITIVE) 
       ▷ map(t => t.User) 
       ▷ take 15
       ▷ any(u => u.Followers > 1000)
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Basics of a Streaming API
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type α stream

Producers
val of_arr   : α array                  ! α stream
val unfold   : (ζ ! (α * ζ) option) ! ζ ! α stream

Transformers
val map      : (α ! β)        ! α stream ! β stream
val filter   : (α ! bool)     ! α stream ! α stream
val take     : int            ! α stream ! α stream
val flat_map : (α ! β stream) ! α stream ! β stream
val zip_with : (α ! β ! γ) ! (α stream ! β stream ! γ stream)

Consumer
val fold     : (ζ ! α ! ζ) ! ζ ! α stream ! ζ



Stream Origins
• Melvin Conway, 1963: Coroutines  

“separable programs” 

• Douglas Mcllroy, 1964: Unix Pipes 
pipe() implemented by Ken Thompson in v3, 1973 
‘|’ leads to a “pipeline revolution” in v4 

• Peter Landin, 1965: Streams  
“functional analogue of coroutines”
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Coroutines: Conway, 1963
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Unix Pipes: D. McIlroy, 1964 
(implemented in 1973 by Ken Thomson more info at  

http://www.softpanorama.org/Scripting/Piporama/history.shtml)
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http://www.softpanorama.org/Scripting/Piporama/history.shtml


Streams: Landin, 1965
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Fast-Forward 52 years
• iterators (‘yield’), generators as in Python, …  

• LINQ, Java 8 Streams, …  

• Lucid, LUSTRE, …  

• Naiad, Flink, DryadLINQ, Spark Streaming, …  

• Rx, Elm, …  

• SIMD, …  

• StreamIt, …  

• Ziria, … 
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(Gilles) Kahn networks (1974)

• Infinite streams of data processed 

• Kahn Process: a sequential program reading /
writing to FIFOs channels 

• Unbounded channels 

• Determinism 

• Monotonicity

 10



Semantics of Kahn Process 
Networks

• Operational: a transition system 

• Denotational: each process is a function on 
streams 

1. feedback loops correspond to fix points
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Synchronous Data Flow (1987)

 12



Stream Processing Functions 
(Burge, 1975)
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Lists/Generators/Lazy Lists
Principia Mathematica (Whitehead and Russell,1910-1913) 

→ IPL (lists, generators, and more by Newell, Shaw and Simon, 1957) /  
    Programming the logic theory machine (Newell and Shaw, 1962) 

→ Recursive Functions of Symbolic Expressions and Their Computation by Machine, Part 
I (McCarthy, 1960) 

→ Laziness appears with a quadruple attack: 

 The “Procrastinating [SECD] Machine” by (Burge, 1975) 
 SASL’s semantics get rewritten adopting laziness (Turner, 1975)  
 CONS should not evaluate its arguments (Friedman et al., 1976)  
 A Lazy Evaluator (Henderson et al., 1977) 

→ Iterators appear with a double attack: 

 Abstraction mechanisms in CLU (Liskov et al, CACM vol 20, 1977)   
 Abstraction and Verification in Alphard (M Shaw et al, CACM vol 20, 1977) 

→The Semantic Elegance of Applicative Languages (Turner, 1981)
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Turner On Lazy Lists vs Coroutines
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Lazy Lists
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data List a = Nil  
            | Cons a (List a)

g ◦ f producer
consumer



Lazy Lists 
(in strict languages / OCaml)
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(* lists in OCaml *) 
type 'a list =  

 | Nil  

 | Cons of 'a * 'a list  

  

(* infinite lists in OCaml with thunks *) 
type 'a lazy_list =  

 | Nil  

 | Cons of 'a * (unit → 'a lazy_list)  

(* list shape / step *) 
type ('a,'z) list_shape =  

 | Nil  

 | Cons of 'a * 'z 



Lazy Lists 
(in strict languages / OCaml)
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(*  compact form of a stream *) 
type 'a stream = Cons of 'a * (unit → ('a, 'a stream) list_shape)  

(*  compact form of stream with closure conversion to 
    explicitly pass the state to the stepper function *) 
type 'a stream = { stepper : 's * ('s → ('a,'s) list_shape) → 'a stream } 



What happens today on the other side?  
(strict languages with yield)
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// LINQ query (C#) 
from p in Enumerable.Range(0, int.MaxValue) 
where p % 2 == 0 
select p 

// desugared 
Enumerable.Range(0, int.MaxValue) 
          .Where<int>((Func<int, bool>) (p => p % 2 == 0)) 

// implementation of operators 
IEnumerable<TResult> SelectIterator<TSource, TResult>( 
   IEnumerable<TSource> source,  
   Func<TSource, int, TResult> selector) { 
            int index = -1; 
            foreach (TSource element in source) { 
                checked { index++; } 
                yield return selector(element, index); 
            } 
        } 

IEnumerable / IEnumerator

https://referencesource.microsoft.com/mscorlib/A.html#3acf01620172c7f0
https://referencesource.microsoft.com/System.Core/R/48f64203cdc8e8cb.html
https://referencesource.microsoft.com/mscorlib/A.html#3acf01620172c7f0
https://referencesource.microsoft.com/mscorlib/A.html#8adbe0476ca899db


Two styles of composition 
(or “who controls my stack”?)
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Push<T> source(T[] arr) {
  return k -> {
   for (int i = 0;
        i < arr.length; i++) 
     k(arr[i]); };
}

Push<Integer> sFn = 
  source(v).map(i->i*i);

sFn(el -> /* consume el */);

Pull<T> source(T[] arr) {
  return new Pull<T>() {
    boolean hasNext() {..}
    T next() {..}
  };
}

Pull<Integer> sIt = 
  source(v).map(i->i*i);

while (sIt.hasNext()) {
  el = sIt.next();
  /* consume el */
}

(Scala/C#/F#) (Java 8 Streams)



Two styles of composition 
(F-algebra vs F-co algebra)

• Push-based design 

• inspired by folds 

• producer-driven 

• better inlining ✓ 

• map, filter ✓ 

• flat_map (laziness takes a hit 
combined with take)  

• no trivial take 

• no trivial zip
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• Pull-based design 

• inspired by unfolds or 
generators (CLU/Alphard) 

• consumer-driven 

• map, filter ✓ 

• flat_map ✓ 

• infinite streams ✓ 

• zip ✓ 

• short-circuit (take) ✓



And, pull/push perspectives  
(on hotspot-compiler-dev mailing list)
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(pull)

(push)



Lowering the Abstraction 
• excessive construction and deconstruction of values (e.g., composing and 

decomposing in pattern matching);  

• recursive calls when an environment does not support specific optimizations 
(e.g., tail-call optimization);  

• heap-allocated closures (e.g., lambdas capturing free variables) when the 
program is higher-order;  

• multiple iterations over one sequence of data that can be traversed once 
(e.g., a map of squares pipeline over a stream);  

• iterations over multiple sequences of data that can be traversed at once 
(e.g., zipping a stream); and  

• highly polymorphic call-sites (e.g., MoveNext() in iterators), also known as 
“megamorphic”, which incur dynamic dispatch (“virtual method”) overhead. 
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Lowering the Abstraction 
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(Stream) Fusion
Burstall R. M. and Darlington J.  

→ Listlessness is Better Than Laziness (Wadler, 1984) 

→ Shortcut fusion (foldr/build, Gill et al., 1993) 

→ Shortcut Fusion for Accumulating Parameters & Zip-like 
Functions (unbuild/unfoldr, Svenningsson, 2002) 

→ Coutts et al., Stream Fusion 
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(Stream) Fusion
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data Stream a = ∃s. Stream (s → Step a s) s  
data Step a s = Done  
              | Yield a s  
              | Skip s

(note the resemblance to)



(Stream) Fusion
Burstall R. M. and Darlington J.  

→ Listlessness is Better Than Laziness (Wadler, 1984) 

→ Shortcut fusion (foldr/build, Gill et al., 1993) 

→ Shortcut Fusion for Accumulating Parameters & Zip-like 
Functions (unbuild/unfoldr, Svenningsson, 2002) 

→ Coutts et al., Stream Fusion 
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Staged Stream Fusion
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stag
ing



Staged Stream Fusion
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and much more complex...



Multi-Stage Programming
• manipulate code templates 

• brackets to create well-{formed, scoped, typed}
templates  
let c = .< 1 + 2 >. 

• create holes  
let cf x = .< .~x + .~x >.

• synthesize code at staging-time (runtime)  
cf c ~> .< (1 + 2) + (1 + 2) >.
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Naive Staging
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type α stream = ∃σ. σ * (σ ! (α,σ) stream_shape)

based on unfoldr:  functional analogue of iterators

type ('a,'z) stream_shape =   | Nil
   | Cons of 'a * 'z



code

Naive Staging
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binding-time analysis

type α stream = ∃σ. σ      * (σ      ! (α,σ) stream_shape     )

classify variables as static and dynamic  

code code code



let map : ('a code -> 'b code) -> 'a stream -> 'b stream =
  fun f (s, step) ->
    let new_step = fun s -> 
      .< match .~(step s) with
         | Nil        -> Nil
         | Cons (a,t) -> Cons (.~(f .<a>.), t)>.
    in (s, new_step);;
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Naive Staging



Result

let rec loop_1 z_2 s_3 =
 match match match s_3 with
       | (i_4, arr_5) ->
         if i_4 < (Array.length arr_5)
         then Cons ((arr_5.(i_4)),((i_4 + 1), arr_5))
         else Nil
   with
   | Nil  -> Nil
   | Cons (a_6,t_7) -> Cons ((a_6 * a_6), t_7)
 with
 | Nil  -> z_2
 | Cons (a_8,t_9) -> loop_1 (z_2 + a_8) t_9 

of_arr

map

sum
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Step 1: fusing the stepper

let map : ('a code -> 'b code) -> 'a st_stream -> 'b st_stream =
  fun f (s, step) ->
    let new_step s k = step s @@ function
    | Nil        -> k Nil
    | Cons (a,t) -> .<let a' = .~(f a) in .~(k @@ Cons (.<a'>., t))>.
    in (s, new_step)
;;
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stream_shape is static and factored out 

of the dynamic code

* Anders Bondorf. 1992. Improving binding times without explicit CPS-conversion. In LFP ’92 
* Oleg Kiselyov, Why a program in CPS specializes better, http://okmij.org/ftp/meta-programming/#bti 

• stepper has known structure though!



Result 
(after step 1)

 let rec loop_1 z_2 s_3 =
    match s_3 with
    | (i_4, arr_5) ->
        if i_4 < (Array.length arr_5)
        then
          let el_6 = arr_5.(i_4) in
          let a'_7 = el_6 * el_6 in
          loop_1 (z_2 + a'_7) ((i_4 + 1), arr_5)
        else z_2
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stepper inlined ✓ pattern matching ✗✗



Step 2: fusing the state

let of_arr : 'a array code -> 'a st_stream =
  let init arr k 
    = .< let i = ref 0 and
         arr = .~arr in .~(k (.<i>.,.<arr>.))>.
  and step (i,arr) k 
    = .< if !(.~i) < Array.length .~arr
         then
           let el = (.~arr).(!(.~i)) in
           incr .~i;
           .~(k @@ Cons (.<el>., ()))
         else .~(k Nil)>.
  in
  fun arr -> (init arr,step)
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• no pair-allocation in loop: state passed in and 
mutated

   (int * α array) code
~> int ref code * α array code



Result
let i_8 = ref 0
and arr_9 = [|0;1;2;3;4|] in
let rec loop_10 z_11 =
 if ! i_8 < Array.length arr_9
 then
   let el_12 = arr_9.(! i_8) in
   incr i_8;
   let a'_13 = el_12 * el_12 in
   loop_10 (z_11+a'_13)
 else z_11
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no pattern matching ✓ recursion ✗

✗

✗



Factor out static knowledge: 
After 3 key domain-specific optimizations*

1. The structure of the stepper is known:  
use that at staging time! 

2. The structure of the state is known:  
use that at staging time, too! 

3. Tail recursion vs Iteration:  
modularize the loop structure (for vs while)
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* 6 domain-specific optimizations in total, accommodating linearity (filter and flat_map), sub-ranging, infinite 
streams (take and unfold), and parallel stream fusion (zip)



Step 3: generating 
imperative loops

let of_arr : 'a array code -> 'a stream = fun arr ->
  let init k 
      = .<let arr = .~arr in .~(k .<arr>.)>.
  and upper_bound arr 
      = .<Array.length .~arr - 1>.
  and index arr i k 
      = .<let el = (.~arr).(.~i) in .~(k .<el>.)>.
  in (init, For {upb;index})
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start with For-form 
and if needed 

transform to Unfold



Result

let s_1 = ref 0 in
let arr_2 = [|0;1;2;3;4|] in
for i_3 = 0 to (Array.length arr_2) - 1 do
  let el_4 = arr_2.(i_3) in
  let t_5 = el_4 * el_4 in s_1 := !s_1 + t_5
done;
!s_1
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loop-based/fused ✓
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Now in Dotty (Scala 3) too
 def sum() = '{ (array: Array[Int]) => 
    ~Stream.of('(array)) .fold('{0}, ((a, b) => '{ ~a + ~b })) 
  }

((array: scala.Array[scala.Int]) => { 
  var x: scala.Int = 0 
  var x$2: scala.Int = array.length 
  var x$3: scala.Int = 0 
  while (x$3.<(x$2)) { 
    val el: scala.Int = array.apply(x$3) 
    x$3 = x$3.+(1) 
    x = x.+(el) 
  } 
  x 
})

stag
ing 

or m
acro

s



data Array r sh e

Data parallelism over large arrays 
(with Repa)

• Delayed representation for fusion (fusion is merely 
a nested function composition) 

• Operations like computeP and foldP parallelize the 
computations automatically
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representation type (e.g., Unboxed) shape type (e.g., Z :. Int :. Int) 

element type



Data parallelism over large arrays 
(with Accelerate)

• GPU backends 

• Delayed representation for fusion again, but hidden 

• Arrays cannot be nested
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> let arr = fromList (Z:.3:.5) [1..] :: Array DIM2 Int 
> run $ A.map (+1) (use arr)  
Array (Z :. 3 :. 5) [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16] 

we are not in the Haskell world anymore, 

use represents arrays in the Accelerate world


copying may occur here ;-)

a function from Exp Int -> Exp Int 
Exp vs Acc



NESL (1995)
• NESL Blelloch, Guy (1995). "NESL: A Nested Data-Parallel Language” 

well suited for irregular algorithms (trees, graphs or sparse matrices) 

• A combination of SETL and ML 

• Nested-ness eliminated in maps by a flattening transformation 
(vectorization using segment-descriptors)  
([[10], [20, 30], [40, 50, 60]] -> ([1, 2, 3], [10, 20, 30, 40, 50, 60]))
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// apply-to-each 
{a * a : a in [3, -4, -9, 5] | a > 0}; 

// replication of 1 
{a * 1 : a in [3, -4, -9, 5] | a > 0}; 

// nested parallelism 
{sum(a) : a in [[2,3], [8,3,9], [7]]}; 



Influences
• Data Parallel Haskell (incorporating higher-order 

functions)
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— rewrite rules like  
mapv f x → fv x 

(fv)v x → segmentv x (fv (concatv x))

• Nessie: A NESL to CUDA Compiler (Reppy & Sandler, 
2015) 

• Streaming NESL, Madsen & Filinksi, 2016 (dealing with 
space consumption by incorporating chunking)



Modularity in Array 
Processing

• Futhark: a stand-alone language for array 
programming 
https://futhark-lang.org 

• LIFT: a functional intermediate representation 
based on lambda calculus  
http://www.lift-project.org/
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https://futhark-lang.org
http://www.lift-project.org


Lift, Gist
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dot(x, y) = reduce (+, 0, map(×, zip(x, y)))

partialDot (x: [float]N , y: [float]N ) = 
(join ◦ mapWrg0( 
   join ◦ toGlobal(mapLcl0(mapSeq(id)))  
        ◦ split1  
        ◦ iterate6(join  
           ◦ mapLcl0(toLocal(mapSeq(id))  
                     ◦ reduceSeq (add , 0))  
                     ◦ split2)  
        ◦ join ◦ mapLcl0(toLocal(mapSeq(id)) 
                         ◦ reduceSeq (multAndSumUp, 0))  
               ◦ split2) ◦ split128)(zip(x, y)) 



Futhark, Gist
• Futhark is based on Second Order Array Combinators (R. 

S. Bird, Algebraic Identities for Program Calculation, 
1989) and supports:  

• nested parallelism 
• in-place array updates 
• fusion through rewrite rules
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fun main (matrix : [n][m]f32): ([n][m]f32, [n]f32) = 
  map (λrow : ([m]f32, f32) → 
        let row’ = map (λx : f32 → x+1.0) row 
        let s = reduce (+) 0 row 
        in (row’,s)) 
  matrix 



Query Engine Optimizations 

• Many ideas are shared  

• (physical) operators consume data from tables 

• produce streams of tuples 

• cost analysis to compute efficient scans
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Query Engine Optimizations 
• Volcano model (Graefe, 1994), pull 

• DataPath (Arumugam, 2010), push 

• HyPer model (Neumann, 2011), code generation, 
why the shift? 

1. next is called for every tuple. 

2. each call raises a performance hit (one virtual call per 
element followed by branch prediction degradation) 

3. this model promotes poor code locality 
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Push versus pull-based loop 
fusion in query engines
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Haskell libraries for lazy-IO

• https://hackage.haskell.org/package/iteratee  

• https://hackage.haskell.org/package/streaming  

• https://hackage.haskell.org/package/pipes   

• https://hackage.haskell.org/package/conduit 
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https://hackage.haskell.org/package/iteratee
https://hackage.haskell.org/package/streaming
https://hackage.haskell.org/package/pipes
https://hackage.haskell.org/package/conduit


e.g. pipes 
(https://hackage.haskell.org/package/pipes-4.3.9/docs/Pipes-Tutorial.html)

• Pipes have three features: effects, streaming and composability 

➡ Producers can only yield values and they model streaming 
sources 

➡ Consumers can only await values and they model streaming 
sinks 

➡ Pipes can both yield and await values and they model stream 
transformations 

➡ Effects can neither yield nor await and they model non-streaming 
components
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https://hackage.haskell.org/package/pipes-4.3.9/docs/Pipes-Tutorial.html


Major Challenges

• Let’s discuss
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