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A Orc program

e An experimentosses two dice.
Experiment is a success if the dice throws sum to 7.

e expn) runs n experiments and reports the number of successes.

def tosg) = Randon(6) + 1
—— tossreturns a random number between 1 and 6

def expg0) = 0
def expn) = expgn—1)
+ (if tosg) + tosg) = 7 then 1 else 0)



Translation of the dice throw program

def tosg) = add(x,1) <x< Randon(6)
def expgn) =
(Ift(b) >0
| 1ff (b) >
(add(x,y)
<x< (‘expgm) <m< sul(n,1))
<y< (Ift(bb) > 1| Iff (bb) >0)
<bb< equalgp, 7)
<p< add(q,r)
<Q< tosg)
<r< tosg)

)
) <b< equalgn,0)

Note: 2n parallel calls totosy).



Orc Calculus
e External sites:

e Asite is called like a procedure with parameters.
e Site returns any number of values.

e The value ioublished

e Combinators

e Definitions

No notion of data type, thread, process, channel,
synchronization, parallelism - -



Orc Language

e Orc Calculus

e Syntactic Sweeteners
e Data TypesNumber, Boolean, String, with Java operators

e Conditional Expressianif E then F else G

Data structuresTuple, List, Record

Pattern Matching; Clausal Definition

Closure

e Class for active objects

e Site Library

Every Orc language program is translated to Orc calculus.



Orc Calculus: Structure of Orc Expression

e Simple just a site call, CNN(d)
Publishes the value returned by the site.

e Compositionof two Orc expressions:
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Orc Calculus: Structure of Orc Expression

e Simple just a site call, CNN(d)
Publishes the value returned by the site.

e Compositionof two Orc expressions:

dof andgin parallel f|g Symmetric composition
forallxfromf dog f >x>g Sequential composition

f | g: Evaluatef and g independently. Publish all values from both.

f >x>0
For all values published by do g. Publish only the values frong,.



Schematic of Sequential composition

X0 x1 X2

9(x0) g(x1) 9(x2)

Figure:Schematic off >x> g



Sequential compositionf >x> g

For all values published by do g.
Publish only the values frong.
e CNN(d) >x> Email(addressx)

e Call CNN(d).

e Bind result (if any) tox.

e Call Email(addressx).

e Publish the value, if any, returned dymail.

e (CNN(d) | BBC(d)) >x> Email(addressx)

e May call Emailtwice.
e Publishes up to two values frolmail.

Notation f >gfor f >x>g, if xisunused ing.

Right Associative f >x>g >y>h is f >x> (g >y>h)



Subset Sum

Given integern and list of integersxs

parsuntn, xs) publishes all sublists oksthat sum ton.
parsum(5,[1,2,1,2]) =11,2,2], [2,1, 2]
parsum(5,[1, 2,1]) issilent

def parsum{O,[]) = []
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Subset Sum

Given integern and list of integersxs

parsuntn, xs) publishes all sublists oksthat sum ton.
parsum(5,[1,2,1,2]) =11,2,2], [2,1, 2]
parsum(5,[1, 2,1]) issilent

def parsum{O,[]) = []
def parsunin,[]) = stop
def parsumn,x : xs) =

parsungn, xs) —— all sublists that do not include
| parsunin —x,xs) >ys> x:ys —— all sublists that includex



Structure of Orc Expression

e Simple just a site call, CNN(d)
e Compositionof two Orc expressions:

dof andg in parallel fl g Symmetric composition
for all xfromf dog f >x>g Sequential composition

— if f halts without publishingdg f; g Otherwise

10



Subset Sum (Contd.), Backtracking

Given integern and list of integersxs
seqgsunn, xs) publishes théirst sublist of xsthat sums ton.

“First” is smallest by index, lexicographically.
seqsum(5,[1,2,1,2]) =[1,2,2]

seqsun(5,[ 1, 2, 1]) is silent
def seqsurt0, []) = []
def seqgsurtn, []) = stop
def seqsunn,x : xs) =

X : seqsurn — X, Xs)
; seqgsunn, xs)

11



Structure of Orc Expression

e Simple just a site call, CNN(d)

e Compositionof two Orc expressions:

dof andgin parallel
for all xfromf dog
—for somex from g dof

if f halts without publishing dg

flg

f>x>g

f<x<g

—

i g

Symmetric composition
Sequential composition
Pruning

Otherwise
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Pruning: f <x<g

For some value published by do f.

e Evaluatef and gin parallel.

¢ Site calls that neec are suspended.
Consider (M() | N(x)) <x< g

e When greturns a (first) value:

¢ Bind the value tox.
e Kill g.
e Resume suspended calls.

e Values published byf are the values off <x< g).
Notation f «gfor f <x< g, if xisunused inf.
Left Associative f <x< g <y<h is (f <x<g) <y<h

Note: Concurrent computation df, g and h, above.
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Subset Sum (Contd.), Concurrent Backtracking

Publish thefirst sublist of xsthat sums ton.

Run the searches concurrently.
def parseqsurtO, []) = []
def parseqgsurfn,[]) = stop

def parseqsurtn,x : xs) =
(P30
<p< X : parseqgsurfn — X, Xs)
<Q< parseqsurtn, xs)

Note: Neither search in the last clause may succeed.
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Write f <x< gas

val x= g
f

val; a syntactic sweetener
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Deflation

e Given expressiorC(..., e, ..), single value expected at
Translated toC(...,X,..) <x< ewhere xis fresh.

16
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o Applicable hierarchically.
(1]2) * (10/100) is translated to
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Deflation

e Given expressiorC(..., e, ..), single value expected at
Translated toC(...,X,..) <x< ewhere xis fresh.
o Applicable hierarchically.
(1]2) * (10/100) is translated to
(Timegx,y) <x< (1]2)) <y< (10| 100), or without parentheses
Timegx,y) <x< (1|2) <y< (10| 100

e Implication
Arguments of site calls are evaluated in parallel.
Note: A strict site is called when all arguments have beefuated.
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Parsing using Recursive Descent

Consider the grammar:

expr = term| term+ expr

term factor | factor x term

factor ::= literal | (expr)

literal ::= 3|5

17



Parsing strategy
For each non-terminal, sagxpr, define expr(xs) for string xs
publish all suffixes ofxssuch that the prefix is @&xpr.

def isexpr(xs) = expr(xs) >[]> true ; false

To avoid multiple publications (in ambiguous grammars),

def isexpr(xs) =
val res= expr(xs) >[]> true ; false
res

—— Test

isexpr
([77(77’77(77’77377’77 *77’77377’77)77’77)77’77 _'_77’77(77’77377’77 _1_77’77377’77)77])
—— ((3*3))+(3+3)

o true
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Site for each non-terminal

Given: expr = term|term-+ expr
Rewrite: expr term(e | + expr)

def expr(xs)
def term(xs)

term(xs) >ys> (ys|ys >"+" :zs> exprnz9)

factor(xs) >ys> (ys|ys >"*" :zs> term(z9)

def factor(xs) literal (xs)

| xs >"(" :ys>exprys) >")" :zs>1zs

def literal(n : xs)
def literal([])

n >"3" >xs|n >"5" >xs
stop

10



Parallel or

Expressionsf and g return single booleans. Compute theerallel or

Ift(b), Iff (b): booleanb,
Returns asignalif bis true/false; remainsilent otherwise.

20



Parallel or

Expressionsf and g return single booleans. Compute theerallel or

Ift(b), Iff (b): booleanb,
Returns asignalif bis true/false; remainsilent otherwise.

val x= f
val y= g

Ift(x) > true | Ift(y) > true | (x||y)

20



Parallel or; contd.

Compute theparallel orand return just one value:

val x= f

val y= g

val z= Ift(x) > true | Ift(y) > true | (x||y)
z

21



Parallel or; contd.

Compute theparallel orand return just one value:

val x= f

val y= g

val z= Ift(x) > true | Ift(y) > true | (x||y)
z

But this continues execution aj if f first returns true.

val z=
val x= f
valy= g

Ift(X) > true | Ift(y) > true | (x||y)
z

21



Mutable Store: Some Factory Sites

Ref (n) Mutable reference with initial value
Array(n) Array of sizen of Refs
Semaphore(n) Semaphore with initial value n
Channel () Unbounded (asynchronous) channel
Tabl e(n, f) Array of sizen of immutable values of

Ref(3) >r> r.write(5) > r.read(), or Ref(3) >r>r:=5 > r?
Array(3) >a> a(0) := true > a(1)?

Semaphorgl) >s> s.acquirg) > Printin(0) > sreleasg)
Channe{) >ch> (ch.get() | ch.put(3) > stop)

val ch= Tablg10, lambdg_) = Channe())
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Exception Handling

Client calls siteser ver to request service.
The server “may” request authentication information.

def requestx) =
val exc= Channe{) —— returns a channel site

servelX, exg
| excget() >r> excput(auth(r)) > stop

i)



Packet Reassembly Using Sequence Numbers

——» Reassemble

out

Figure:Packet Reassembler

o Packet with sequence numbgis at position p; in the input channel.

e Given: |i — pi| < k, for some positive integek.

e Thenp <i+k<pioxk- Letd=2xk

24



Packet Reassembly Program

def reassembliread write,d) = —— d must be positive

val ch= Tablgd,lambdg_) = Channe{))

def input() = read() >(n,v)> ch(n%d).put(v) > input()

def outputi) = ch(i).get() >v> write(v) >> outpu{((i + 1)%d)
input() | output0) —— Goal expression

Note: n%d is n modd.
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Depth-first search of undirected graph
Recursion over Mutable Structure

N: Number of nodes in the graph.
conn conn(i) the list of neighbors of nodé, 0 <i < N
parent Mutable array of lengthN.

parenii) = v, v > 0, meansv is the parent node of
parenii) < 0 means parent of is yet to be determined

Once i has a parent, it continues to have that parent.

Start Depth-first search from node 0.
paren{0) = N

26



Invariant

dfs(i,xs): starts a depth-first search from all nodesxsin order,
i already has a parent or= N.
xs C conn(i), i.e., xsis some set of neighbors of

All neighbors of i not in xsalready have parents.
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Depth-first search

val N= 6 —— N is the number of nodes in the graph
val parent= TablgN,lambdg_) = Ref(—1) )

def dfs(_, []) = signal
def dfg(i,x: xs) =

if (paren{x)? > 0) then dfg(i, xs)

else paren{(x) :=i > dfgx,connx)) > dfgi, xs)

dfs(N, [0]) — — start depth-first search from node 0
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Quicksort

¢ In situ permutation of an array.

e Array segments are simultaneously sorted.

e Partition of an array segment proceed from left and righusameously.
e Combine Concurrency, Recursion, and Mutable Data Strestur

Traditional approaches

e Pure functional programs do not admit in-situ permutation.
e Imperative programs do not highlight concurrency.
e Typical concurrency constructs do not combine well withrursmon.
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Program Structure

e array ato be sorted.

e segmentsofts, v) sorts the segmena(u)..a(v — 1) in place and
publishes a signal.

e To sort the whole arraysegmentso(D, a.lengtt’)

20



Program Structure; Contd.

e part(p, s, t) partitions segments, t) with elementp. Publishesm
where:

left subsegment: a(i) < pforall i, s<i<m,and
right subsegment: a(i) > p, forall i, m<i <t.

e Assumea(s)? < p, so the left subsegment is non-empty.

def swagi,j) = (i7,j7) >(x,y)> (i:=Yy, j := X) > signal
def quicksorfa) =
def segmentsofu,v) =
if v—u> 1then
part(a(u)?,u,v) >m>
swaga(u),a(m)) >
(segmentsoft, m), segmentsofm + 1, v)) > signal
else signal
segmentso(0, a.lengtf)

21



Partition segmen(s, t) with elementp, given a(s) < p

e Ir(i) publishes the index of the leftmost item in the segment thekeds
p; publishest if no such item.

e r1l(i) publishes the index of the rightmost item that is less thaegoal
to p. Since a(s) < p, item exists.

def Ir(i) = Ift(i <:t) > Ift(a(i)? <p) > Ir(i+1); i
def rl(i) = Ift(a(i)?:>p) > rl(i—1); i
Goal Expression opart(p, s, t):

(Ir(s+1),r(t—1)) >(s,t')>
(if (8 < t')then swaga(s),a(t’)) > part(p,s,t)
elset’)

292



Putting the Pieces together: Quicksort

def swagi,j) = (i7,j?) >(x,y)> (i :=Y, j := X) > signal
def quicksorta) =
def segmentsof(tl,v) =
def part(p,s,t) =
def Ir(i) = Ift(i <t) >Ift(a(i)?
def rl(i) = Ift(a(i)? :> p) >rl(i

(Ir(s+1),r(t—1)) >(s,t')>
(if (s < t')then swaga(s),a(t’)) > part(p,s,t’)
elset’) #

<p) sIri+1);i
—1); #

if v—u> 1then
part(a(u)?,u,v) >m>
swaga(u),a(m)) >
(segmentsoft, m), segmentsofm + 1, v)) > signal
else signal
segmentso(0, a.lengti)

22



Class: Pure Rendezvous

def class pairSyng =
val s= Semaphorg®)
val t = Semaphorg®)

def put() = s.acquirg) > t.release)

def get) = sreleas¢) > t.acquirg))
stop

24



Rendezvous with Data Transfer

def class zeroChanngl =
val s= Semaphorg®)
val w= BoundedChannél)

def put(x) = s.acquirg) > w.put(x)
def get)) = sreleas¢) > w.get)
stop

25



Class: Readers-Writers

e Readers and Writers need access to a shared file.
e Any number of readers may read the file simultaneously.

e A writer needs exclusive access.

26



Readers-Writers API

A reader callsstart(true), writer start(false) to gain access.
The system (class) returns a signal to grant access.
Both readers and writers cafind) on completion of access.

start(- - - ) is blocking, end’) non-blocking.

27



Implementation Strategy

e Each call tostartis queued with the id of the caller.

e A manageroops forever, maintaining the invariant:
There is no active writer (no writer has been granted access)
Number of active readers navalue where nais a counter.

e On each iterationmanagerpicks the next queue entry.
If a reader: grant access and incremeiat
If a writer:
wait until all readers completen@s value = 0),
grant access to writer,
wait until the writer completes.

28



Implementation Strategy; Callback

e The id assigned to a caller is a new semaphore.
e Arequestis(b,s): bboolean,ssemaphore.

b = true for reader, b = falsefor writer,

each caller waits ors.acquireg()

e The manager grants a request by executinglease)

20



Reader-Writer; Call API

val req= Channe()
val na= Countex)

def startread) =
val s= Semaphor®)
req.put((true, s)) > s.acquirg)

def startwrite() =
val s= Semaphorg®)
req.put((false s)) > s.acquirg)

def endread) = nadeq)
def endwritd) = na.deq)

40



Reader-Writer; Main Loop

def managef) = grant(req.get)) > managef)
def grant((true,s)) = nainc() > sreleas¢) —— Reader

def grant((falses)) = —— Writer
naonZerd) > nainc() > sreleasé) > naonZerq)

41



Putting the pieces together: Reader-Writer

def class readerWritet() =
val req= Channe() val na= Counte()

def startread) = val s= Semaphor®)
req.put((true, s)) > s.acquirg)
def startwrite() = val s= Semaphor®)

req.put((false s)) > s.acquirg)

def endread) = naded)
def endwritd) = nadeq)

def grant((true,s)) = nainc() > sreleas¢) —— Reader

def grant((falses)) = —— Writer
naonZerd) > nainc() > sreleasé) > naonZerq)

def managef) = grant(req.get))) > managef)

managef)
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Callback using one semaphore each for Readers and Wi

def class readerWrite2() =
val req= Channe()
val na= Countex)
val (r,w) = (Semaphor@), Semaphorg®))

def startread) = req.put(true) > r.acquirg)
def startwrite() = reqput(false > w.acquirg))

def endread) = naded)
def endwritd) = nadeq)

def grant(true) = nainc() >r.releas¢) —— Reader

def grant(false) = —— Writer
naonZerq) > nainc() > w.releas¢) > naonZerq)

def managef) = grant(req.get))) > managef)

managef)
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Reader-Writer; dispense with the queue

Dispense with the queue.
Introduce a class that keeps and nw, counts of readers and writers.

Calling put(true/false) increments the appropriate count.

Calling get() decrements a count and returtrsie/false

Simulate fairness foget as in removing from a channel.
If nr? >0, nr?is eventually decremented.

If nw? > 0, nw? is eventually decremented.
Use coin toss to simulate fairness.
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Real time: Metronome

External siteRwait(t) returns a signal aftet time units.
metronomeublishes asignal every time unit.

def metronomé) = signal | ( Rwait(1) > metronomé) )
S R
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Unending string of Random digits

metronomé) > Randonil0) —— one every unit

def rand_seddd) = —— at a specified rate

Randon(10) | Rwait/dd) > rand_seddd)
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A time-based class; Stopwatch

¢ A stopwatch allows the following operations:
start(): (re)starts and publishes a signal

halt(): stops and publishes current value

e Other operationsreset) and isrunning).
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Application: Measure running time of a site

def class profilgf) =
val sw= Stopwatck)

def runningtimé) = swstart() > f() > swhalt()
stop

—— Usage
def burntimg) = Rwait(100)

profile(burntime.runningtime)
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Response Time Game

Show a random digity, for 3 secs.
Then print an unending sequence of random digits.
The user presses a key when he thinks he sees

Output (true, response timg or (false _) if v has not appeared.
Then end the game.

49



Response Game: Program

val sw= Stopwatck)

val (id,dd) = (3000 100) —— initial delay, digit delay

def rand_seqd) = —— Publish a random sequence of digits
Randong10) | Rwaitdd) > rand_seq)

def gamd) =
val v= Randonl0) —— vis the seed for one game
val (b,w) =

Rwait(id) > swreset) > rand seq) >x> Printin(x) >
Ift(x = v) > swstart() > stop

| Promp{ "Press ENTER for SEED '#) >
swisrunning) >b> swpaus€) >w> (b, w)

if bthen —— Goal expression ohame)
( "Your response time =" w + " milliseconds.")
else ( "You jumped the gun.

game)
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Shortest Path Algorithm with Lights and Mirrors

Source node sends rays of light to each neighbor.
Edge weight is the time for the ray to traverse the edge.

When a node receives its first ray, sends rays to all neighbors
Ignores subsequent rays.

Shortest path length time for sink to receive its first ray.
Shortest path length to node=time for i to receive its first ray.
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Graph structure inSucg)

Figure:Graph Structure

Sucdu) publishes(x,2), (y,1), (z5).
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Algorithm

def evalu,t) = record valuet for u >
for every successov with d = length of (u,v) :
wait for d time units >
evalv,t 4 d)

Goal: evalsourceO) |
read the value recorded for th@nk

Record path lengths for nodein FIFO channelu.

[~¢]



Algorithm(contd.)

def evalu,t) = record valuet for u >

for every successov with d = length of (u,v) :

wait for d time units >
evalv,t + d)

Goal: evalsourceO) |
read the value recorded for th@nk

A cell for each node where the shortest path length is stored.
def evalu,t) = u:=t>
Sucgu) >(v,d)>
Rwait(d) >
evalv,t + d)

{- Goal:-} evalsource0) | sink?
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Algorithm(contd.)

def evalu,t) = u:=t >
Sucgu) >(v,d)>
Rwait(d) >
evalv,t + d)

{- Goal:-} evalsource0) | sink’

e Any call to evalu,t): Length of a path from source tais t.
e First call to evalu, t): Length of the shortest path from sourceuds t.
e evaldoes not publish.
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Drawbacks of this algorithm

e Running time proportional to shortest path length.

e Executions of Suc¢ putand getshould take no time.

5A



