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lI'ype annotations

+(ann comma-sep [(Segable Expr) -> (Segable (U Expr String))])
(defn comma-sep [xs]

(interpose "," xs))

+(defalias Expr
+ (U "{:op ':list :items (Vec Expr)}

+ ‘{:op ':val :val Any}
+ ces))
+

+(ann emit-list ['{:op '":1list :items (Vec Expr)} -> String])
(defn emit-list [{:keys [items]}]

(if (empty? items)



Problem:

+(ann comma-sep [(Segable Expr) -> (Segab Expr String))])

(defn comma-sep [Xs

(interpose "," xs)

+(defalias Expr
+ (U "{:op ':list :items

-+ "{:op ':val :val
+ ces))
+

+(ann emit-list [ :ite Expr)} -> String])

(defn emit-list [{:k®¥s [items]}]

(if (empty? items)



Problem:

Someone wrote this manually

1  +(ann comma-sep [(Segable Expr) -> (Segab Expr String))])

(defn comma-sep [Xs

(interpose "," xs)

+(defalias Expr
+ (U "{:op ':list :items

+ "{:op ':val :val
+ ces))
+

+(ann emit-list [ :ite Expr)} -> String])

(defn emit-list [{:k®s [items]}]

(if (empty? items)



Solution:
Automatic Annotations



Our approach:
1. Instrument program
2. Observe running program
3. Summarize execution



Example: A function




Example: A function
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Example: A function
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Takes input




Our approach



Step 1:

Instrumentation




Step 1:

Instrumentation




Step 2:
Observe running program




Step 2:
Observe running program
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Step 3:

Summarize execution
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Step 3:

Summarize execution
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...Something
completely different

ClojureScript
Compilation



Compilation

Clojure JavaScript

‘(1 2) cljs.core.list(1,2)




Compilation Lifecycle

Clojure Form AST JS (String) I

1 {:op :val :val 1} ¢1°?
2 {:op :val :val 2} 2
‘(1 2) {f(-)p :hSt. . ‘“cljs.core.list(1,2)”’
:items [{:o0p :val J ’




Compilation Lifecycle
Analyze

Clojure Form.} AST

JS (string)

{:op :val :val 1}

‘“°cljs.core.list(1,2)”



Compilation Lifecycle

Analyze Emit

s >

Clojure Form AST JS (String) I

1 {:op :val :val 1} ¢1°?
2 {:op :val :val 2} 2
‘(1 2) {f(-)p :hSt. . ‘“cljs.core.list(1,2)”’
:items [{:o0p :val J ’




Compilation Lifecycle

Analyze
Clojure Form.} AST

1 {:op :val :val 1}

{:op :list . .
.items [{:op :val ‘“cljs.core.list(1,2)”’
:val 1}

{:0p :val

cval 211}




The emitter

(ann emit [Expr -> String])
(defn emit [expr]
(cond
(= :val (:op expr)) (emit-val expr)
(= :1ist (:op expr)) (emit-list expr)
.+))



Instrumentation

(ann emit [Expr -> String])

o e . Y
el

(defn emit [expr
(cond

(= :val (:op expr)) (emit-val expr)§

(= :list (:op expr)) (emit-list expr)®
ceo))



Paths

(ann emit [Expr -> String])
[emit (arg)]
(defn emit [expri™ "

(cond
[emit (ret)]

(= :val (:op expr)) ,
(= :list (:op expr)) (emit-list expr)§

ces)) em

~Temit (ret)]



Sample execution

(is (= "cljs.core.list(1,2)"
(emit {:op :1list
:items [{:op :val :val 1}
{:op :val :val 2}1]})))



Sample execution

(is (= "cljs. core. llst(l 2)"

e

(
:items [{:op :val :val 1} w
|

(z0p :val :val 2}1D)})
o Q[emlt (arg) |

(emlty{ op :list




Instrumentation results

{:0p :list

:1tems [{:op :val :val 1}
[emit (arg)]
{:op :val :val 2}]}&



Instrumentation results

[emit (arg) ]
{:o0p :

S SRR

:1tems [{:0op :val :val 1}
{:0op :val :val 2}]}



Instrumentation results

lemit (arg) (key :op) |
{:0p :

S SRR

:1tems [{:0op :val :val 1}
{:0op :val :val 2}]}



Instrumentation results

lemit (arg) (key :op)]
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lemit (arg) (key :op)] : (Valist)




Instrumentation results

lemit (arg) (key :op) |
(:op :list®

:1tems [{:0op :val :val 1}
{:0op :val :val 2}]}

lemit (arg) (key :op)] : (Val :list)



Instrumentation results

{:0p :list
[emit (arg) (key :items) ]
:itemsé[{:op :val :val 1}

| {:op :val :val 2}]§

=
23 =

lemit (arg) (key :op)] : (Val :list)



Instrumentation results

{:0p :list
[emit (arg) (key 1tems) ]

:1tems [{’op valw;val 1}£

- S e T ==

{;op :val :val 2}]}

lemit (arg) (key :op)] : (Val :list)



Instrumentation results

{:0p :list
[emit (arg) (key 1tems) (vec) ]

:1tems [{’op valw$vq;“1hf
{:0op :val :val 2}]}

lemit (arg) (key :op)] : (Val :list)



Instrumentation results

{:0p :list
lemit (arg) (key :items) (vec)
:items [{:op :vall:val 1}

{:0op :val :val 2}]}

lemit (arg) (key :op)] : (Val :list)



Instrumentation results

{:0p :list
[emit (arg) (key :items) (vec) (key :op)]
:items [{:op :vall:val 1}

{:0op :val :val 2}]}

lemit (arg) (key :op)] : (Val :list)



Instrumentation results

{:op :list
[emit (arg) (key :items) (vec) (key :op)l]
items [{:op :vall:val 1}y
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lemit (arg) (key :op)] : (Vaféglist) “%}/
[emit (arg) (key :items) (vec) (key :op)] : (Val :val)




Instrumentation results

{:0p :list
[emit (arg) (key :items) (vec) (key :op)]
:items [{:op :vall:val 1}

{:0op :val :val 2}]}

lemit (arg) (key :op)] : (Val :list)
[emit (arg) (key :items) (vec) (key :op)] : (Val :val)



Instrumentation results

{:0p :list
[emit (arg) (key :items) (vec)

:items [{:op :val Valwﬁg
{:op :val :val 2}]}

lemit (arg) (key :op)] : (Val :list)
[emit (arg) (key :items) (vec) (key :op)] : (Val :val)



Instrumentation results

{:0p :list
[emit (arg) (key :items) (vec) (key :val)]

:items [{:op :val Valwﬁg
{:op :val :val 2}]}

lemit (arg) (key :op)] : (Val :list)
[emit (arg) (key :items) (vec) (key :op)] : (Val :val)



Instrumentation results

{:0p :list
[emit (arg) (key :items) (vec) (key :val)l

:items [{:0p :val val Mg&

{:0p :val :val 2»
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lemit (arg) (key :op)] : (Val W
[emit (arg) (key :items) (vl (key :op) | al :val)
lemit (arg) (key :items) (vec) (key :val)] : Int




Problem

(ann emit [Expr -> String])
(defn emit []@[emit (arg)]
(cond -
(= :val (:op expr)) (emit-val expr)
(= :1ist (:op expr)) (emit-list expr)

)



Problem _

the same data,

twice ...

(ann emit [Expr -> String])
[emit (arg)]
(defn emit [expr]® e

(cond [emit-val (arg)]

o)

(= :val (:op expr)) (emit-val exg

(= :1ist (:op expr)) (emit-list expr)
ceo))



Recording Approach Tradeoffs

® Rich recordings
® Significant runtime cost




Solution: Lazy recording




Solution: Lazy recording

~

~

WVrap value




Solution: Lazy recording

(ann emit [Expr -> String])

(defn emit [ex;r]

ﬁ [emit (arg) 1

(cond - -

(= :val (:op expr)) (emit-val expr)

(= :1ist (:op expr)) (emit-list expr)
.e))



Solution: Lazy recording

Apply wrapper

(ann emit [Expr -> String])

[emit (arg)]

defn emit [expr
(cond N }

(= :val (:op expr)) (emit-val expr)

(= :1ist (:op expr)) (emit-list expr)
.e))



Solution: Lazy recording

(ann emit [Expr -> String])
(defn emit [expr].

~

(Cond lemit (arg)]

U Y,
(= :val (:opgﬁ:p)) (emit-val expr)

(= :1ist (:op expr)) (emit-list expr)
.e))



Solution: Lazy recording

(ann emit [Expr -> String])
(defn emit [expr]

(- )
(cond
(= :val |(:
(= :1list B

)



Solution: Lazy recording

(ann emit [Expr -> String])
(dEfn emit [eXpr]

. )

(Cond :“ | emit (arg)]
’ | | ),
emit-val expp)

(= :val’ ( °P exff))|
- :1ist Con bars

rmit-list expr)



Lazy
Instrumentation results

{:0p :list

:1tems [{:op :val :val 1} . .
Lookup :op {:op :val :val 2}]}ﬁ[emit (arg) ]
\ _J




Lazy
Instrumentation resu]ts

{:op :list ﬁ lemit (arg) J

- J

:items [{:op :val :val 1}
Lookup :op {:op :val :val 2}]}




Lazy
Instrumentation resu]ts

{:0p :list ﬁ lemit (arg) (key :op)]

- J

:items [{:op :val :val 1}
Lookup :op {:op :val :val 2}]}




Lazy
Instrumentation reSLths

{:0p :list ﬁ lemit (arg) (key :op)]

- W,

:1tems [{:op :val :val 1}
{:0op :val :val 2}]}

lemit (arg) (key :op)] : (Val :list)



Lazy
Instrumentation resu]ts

{:0p :list ﬁ lemit (arg) (key :op)]

- J

:items [{:op :val :val 1}
{:0p :val :val 2}]}

lemit (arg) (key :op)] : (Val :list)
Done (lazy!)




Solution: Lazy recording

(ann emit [Expr -> String])
(defn emit [expr].

~

(Cond lemit (arg)]

U Y,
(= :val (:opgﬁ:p)) (emit-val expr)

(= :1ist (:op expr)) (emit-list expr)
.e))



Solution: Lazy recording

(ann emit [Expr -> String])
(defn emit [expr]

-
(cond ﬁ

(= :val (:op expr)) (emit-val%éfgp)

~

lemit (arg)]
J

(= :1ist (:op expr)) (emit-list expr)
.e))



Solution: Lazy recording

(ann emit [Expr -> String])
(defn emit [expr] [ [emit-val (arg)]
]
Space

p
iﬁ [emit (arg)
inefficient ")) (emlt val expr)

e -aexpr)) (emit-list expr)

(cond




Recording Approach Tradeoffs

® Rich recordings
® Significant runtime cost

[emit-val (arg)]

-
Lazy ﬁ ﬁ [emit (arg)]
-

® Sparse recordings
® [ow runtime cost
® Redundant rerecording




Space-efficient wrapping

. [emit-val (arg)]

lemit (arg)] ~

lemit-val (arg)]
lemit (arg) ]




Space-efficient wrapping

(ann emit [Expr -> String])
(defn emit [expr] " [emit-val (arg) ] J
]

-
(cond iﬁ [emit (arg)
(= (em1t Va LQX{F)
(= : )) (emit-1list expr)

o))




Space-efficient wrapping

(ann emit [Expr -> String])
(defn emit [expr]

(cond rﬁ [em%t—val (arg)?
1 lemit (arg)] )

(= :val (:op expr)) (emit-vangfip)

(= :1ist (:op expr)) (emit-list expr)
.e))



Space-efficient Lookup

{:0p :list

Lookup :op

:items [{:op :val :val 1}

{:0p :val :val 2}]

L

[emit-val (arg)]
lemit (arg)]




Space-efficient Lookup
13 w it (g T ]

{:op :list

:items [{:op :val :val 1}
Lookup :op {:op :val :val 2}]}




Space-efficient Lookup

{:op :list [emit (arg) ]

:items [{:op :val :val 1}
Lookup :op {:op :val :val 2}]}



Space-efficient Lookup

{:op :list [emit (arg) (key :op)]

:items [{:op :val :val 1}
Lookup :op {:op :val :val 2}]}



Space-efficient Lookup
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[emit-val (arg) (key :op)]

{zop :list{@El [enit (are) (ey :op)]
Aal 1}

/\ N
- X
. Vd ]. 2
N =
®p o
R
NS o -
.
- A
N m‘.
e
\.

citems [{MeQ :va

74
. o
AP
7/ %
= z

N
A~ \\A
3
. <
\*\
TR
AN
ey
-
4
B4
[
4
. . —
A/'
~ 4
o i ®
g v
e
-~
o
3
- ‘aﬂf
+ ZTEN
.
4.%,
,
g

RN

1\ A
lemit-val (arg) (key :op)] : (Val :list)
lemit (arg) (key :op)l : (Val :list)



Space-efficient Lookup

Ner e ’
P X =y

{:op :list

[emit-val (arg) (key :op)T

[emit (arg) (key :op)]

J

:1tems [{:0p :

{:0p :

lemit-val (arg) (key :op)] : (Val :list)
. (Val :1list)

lemit (arg) (key :op)]

val :val 1}
val :val 2}]}

Single pass
over data!



Recording Approach

Tradeoffs

Space-efficient

-
ﬁ lemit (arg) ]

lemit (arg)]

[emit-val (arg)?

,

® Rich recordings
® Significant runtime cost

® Sparse recordings
® [ow runtime cost
® Redundant rerecording

® Sparse recordings
® [ow runtime cost
® [ess rerecording




Thanks



Recording Approach

Tradeoffs

Space-efficient

-
ﬁ lemit (arg) ]

lemit (arg)]

[emit-val (arg)?

,

® Rich recordings
® Significant runtime cost

® Sparse recordings
® [ow runtime cost
® Redundant rerecording

® Sparse recordings
® [ow runtime cost
® [ess rerecording




