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1 Labeled While Language

1.1 Labeled Language

Arithmetic Operators &, == +| — | x| + | max | min
Boolean Operators &, = VI|A
Relational Operators = o< | =] ==

Label
Arithmetic Expression

l € NU {in, ex}

a = neN®|x|asd,al logal signa

Boolean Expression b true | false | b | beybla~a

Expression e u= vlalblle... el

Value v = n|true|falsel|l[l]ly,...,V]

Query Expression v = alalvegy| xlal

Query Value a == nlylnllaesalne,xlnl| ylnlesn
c

Labeled Command = [x—ell | [x — query(w)]l | while [b)!doc
| ;e | if ((b)',c,c) | [skip)!

Event € = (L) (xva) Assignment Event
| (b,1,v,e) Testing Event
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We use following notations to represent the set of corresponding terms:

VAR
VAL
QVAL
¢

e
gasn
Etest
Y
VAL
DB
T
QD

Environment p: T — VAR - VAL U{Ll}

Set of Variables

Set of Values

Set of Query Values

Set of Commands

Set of Events

Set of Assignment Events
Set of Testing Events

Set of Labels

Set of Labeled Variables
Set of Databases

Set of Traces

Domain of Query Results

pru(x, Ly, )x2v pa:(y, Ly, )xEp@x,y#x  pa:blve))xEp(r)x
pri(x, Lv,a)xEv pa:(yLv,a)x=p@x,y#x phx=1

1.2 Trace-based Operational Semantics for Labeled While Language

(t,a) Y4 v : Trace x Arithmetic Expr = Arithmetic Value

p(M)x=v (r,a1) a1 (r,a2) Ua 12 V1@qU2 =V
<T7 n> Ud n (Trx> U(l v (Tr al @a a2> Ud v
(T,a) Jq V' log v =v (T,ay Yo v sign v =v
(1, logay Uqa v (1, signa) lqa v
’ (t,b) Jp v : Trace x Boolean Expr = Boolean Value ‘
(T, by Jp V' v =v
(r,false) ||, false (1,true) |, true (t,7b) Jpv
(t,b1) Up 11 (1,b2) p v2 V1 ®p V2=V (r,a1) a1 (T,a2) Uq V2 vy~ U2=U
(T,b1®pby) Jpv (t,a1 ~ap) yp v
(t,e) Je v : Trace x Expression = Value
(t,a) Ja v (t,by Yp v (r,e1) Jev1-+(T,en) Ue Un
(Tva> Uev (T)b> Uev <T,[e],"',en]> Ue [Ulv'“rvn] (Tv U> UeU
(1,9) Ug a : Trace x Query Expr = Query Value
(t,a)Yan T,y g a1 (T,92) Jq a2 (t,a)Uan
(t,a) g n (T, ¥19aY2) g1 ®4 2 (r,xlal) J4 xnl () g
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| Command x Trace — Command x Trace | (¢, T) = (",

e=(x,1,v,9)
; ; skip ; ; assn
([skip]’, 1) — ([skip|’,7) ([x < al',7) — ([skip|’, 7€)

Y lga query(a) =v e=Lva)

; ; query
([x — query(y)]',7) — ([skip] ,T::€)
7,b | true €= (b,1,true,e) .
; ; while-t
(while [b]'doc,T) — {c; while [b]' do c),T::€)
T,b |, false €= (b,1,false,s) . (c1,7) = (c}, T
l while-f p — seql
(while [b]', do¢,7) — ([skip]’, 7:€) (c1302,T) — (c562,T")
(C2,T) = (cy, T") 7,b |} true €= (b,1,true,s)
] eq2 ] if-t
([skip]’;c2, 1) — (c5, T (if ([b], c1,€2),T) — (C1,Tu:€)
7,b |, false €= (b, 1l,false,e)
if-f

(if ([b)',c1,00),7) = (c2, T2:6)
Figure 1: Trace-based Operational Semantics for Language.

The trace based operational semantics rules are defined in Figure

The labeled variables and assigned variables are set of variables annotated by a label. We use £V
represents the universe of all the labeled variables and AV, € P(VAR xN) c LV and LV, € P(VAR x
L) € LV, represents the set of assigned variables and labeled variables for a labeled command c,
defined in Definition [land 21

FV:e— P(VAR), computes the set of free variables in an expression. To be precise, FV (a), FV (b)
and FV () represent the set of free variables in arithmetic expression a, boolean expression b and
query expression i respectively. Labeled variables in c is the set of assigned variables and all the free
variables showing up in ¢ with a default label in. The free variables showing up in ¢, which aren’t
defined before be used, are actually the input variables of this program.

Definition 1 (Assigned Variables (AV: C — P(VAR x N))).

{xhy c=lx—el

xh ¢ =[x — query ()]
AVc2{ AV, UAV, c=cj;c

AV UAV,, c=if (bl c1,c0)

AV, ¢ = while ([bl},¢")



Definition 2 (labelled Variables LV).

(x'JUFV(e)in c=[x—el

xhuFV@)in ¢ =[x — query ()]}
LV, 2{ LV ULV, c=c1;c

LVc ULV, UFV(D)I® ¢ = if (1b)),c1, c0)

LVy UFV(b)in c= while ([b]},c)

We also defined the set of query variables for a program c, it is the set of variables set to the result
of a query in the program formally in Definition 3]

Definition 3 (Query Variables (QV : € — P(LV))). Given a program c, its query variables QV(c) is
the set of variables set to the result of a query in the program. It is defined as follows:

{ c=[x—e

{x!} ¢ =[x — query ()]}
QV(O£{ QV(c)UQV(c2) c=ci5c2

QV(c)UQV(co) c= if (b)) c1,c0)

QV(ch c= while ([b]},c")

It is easy to see that a program c’s query variables is a subset of its labeled variables, QV(c) € LV(c).
Every labeled variable in a program is unique, formally as follows with proof in Appendix

Lemma 1.1 (Uniqueness of the Labeled Variables). For every program c € C and every two labeled
variables such that x',y7 € LV(c), then x' # y/.

VeeCuxl,yl el . x',yl elV(c) = x' # /.



2 Event and Trace

2.1 Event

Event projection operators 7; projects the ith element from an event:

7 & — VAR UBoolean ExpressionUNU VAL UQVAL

Free Variables: FV : e — P(VAR), the set of free variables in an expression.
FV(y) is the set of free variables in the query expression .

Definition 4 (Equivalence of Query Expression). Two query expressions w1, W are equivalent, denoted
as y1 =4 Y, if and only if

VreT. day,as € QVAL . ((T,'(,U1> Uq a1 /\(T,l//z) Uq as)
ANDeDB,reD.FveVAL .(t,a1(r/xl) Ja v AT, a2(r/y) Uqgv)

where r € D is a record in the database domain D. As usual, we will denote by W1 # 4 Y2 the negation
of the equivalence.

Definition 5 (Event Equivalence). Two events €1,€, € € are equivalent, denoted as €1 = €2 if and only
l'f.

my(e1) = mi(e2) Amaler) = ma(€2) Ams(er) = m3(€2) Amy(€1) =4 m4(€2)

As usual, we will denote by € # €2 the negation of the equivalence.

2.2 Trace

Definition 6 (Trace Concatenation, ++:T — T — T). Given two traces 11,72 € 7T, the trace concatena-
tion operator ++ is defined as:

oD 2 T1 T2 =]
++ =
12 (T1++Th) i€ To =Ty €
Definition 7. (An Event Belongs to A Trace) An event € € € belongs to a trace T, i.e., € € T are defined
as follows:
{ true 1=71:€¢ ne=¢€
A
€ceET=E

eet T=1u€e ne#e €))
false 7=]]

As usual, we denote by € ¢ T that the event € doesn’t belong to the trace 7.

We introduce a counting operator cnt : T — N — N whose behavior is defined as follows,

cnt (T (x, 1, v,0), 1) = cnt(r, 1) + 1 cnt(t (b, 1, v,e), 1) £ cnt(r, ) +1
cnt(t:(x, L, v,a),) £ cnt(r, ) +1 cnt(t: (x,,v,0), ) £ cnt(r, D), l' #1
ent(r (b, v,0),) £ cnt(r, ), I'#1 cnt(r:(x, I, v,),) = cnt(r, D), #1
cnt([,) =0

We introduce an operator ¢: T — VAR — L u{Ll}, which takes a trace and a variable and returns the
label of the latest assignment event which assigns value to that variable. Its behavior is defined as
follows,

T LL DX 2L L )x2umx,y£x rzbLv,))x2inx (Dx2 L



The operator TL : T — P(L) gives the set of labels in every event belonging to a trace, whoes behavior
is defined as follows,
TL(T: (1)) 2 {LUuTLE) TL() = ¢

If we observe the operational semantics rules, we can find that no rule will shrink the trace. So we
have the Lemma [2.T| with proof in Appendix [A.2] specifically the trace has the property that its length
never decreases during the program execution.

Lemma 2.1 (Trace Non-Decreasing). For every program c € C and traces 1,7" € T, if {c,T) —*
(skip, '), then there exists a trace 1" € T with 1++7" =1’

V1,7 €T,c.{c,T) =" (skip,7’y = " €T . 17" =7

Since the equivalence over two events is defined over the query value equivalence, when there is
an event belonging to a trace, if this event is a query assignment event, it is possible that the event
showing up in this trace has a different form of query value, but they are equivalent by Definition 4] So
we have the following Corollary [2.0.1] with proof in Appendix [A.3]

Corollary 2.0.1. For every event and a trace T € 7T, if € € T, then there exist another event €' € & and
traces 11,72 € T such that T++[€']++T2 = T with € and €' equivalent but may differ in their query value.

Veel,1eT . .ce1 = 1, 12€T, €' €€ .(€€ce)AT [ ]4T2 =T



3 Dependency and Adapativity

In this section, we formally present the definition of adaptivity of a program, which is the length of the
"longest’ walk with the most queries involved in the semantics-based dependency graph of this program.
We first present the construction of the semantics-based dependency graph before the introduction of
the formal definition of adaptivity.

3.1 Semantics-based Dependency Graph

The semantics-based dependency graph is formally defined in Definition[§] For a program c, there are
some notations used in the definition. The labeled variables of ¢, LV(c) € £V contains all the variables
in ¢’s assignment commands, with the command labels as superscripts. The set of query-associated
variables (in query request assignments), QV(c) < LV(c) contains all labeled variables in ¢’s query
requests. The set of initial traces of ¢, Ty(c) € T contains all possible initial trace of c¢. Each initial
trace, 79 € Jo(c) contains the initial values of all input variables of c¢. For instance, the initial trace of
twoRounds (k) example contains the initial value of the input variable k.

Definition 8 (Semantics-based Dependency Graph). Given a program c, its semantics-based depen-
anCy graph Gtrace (C) = (Vtrace (C)’ Etrace (C), wtrace (C), Qtrace (C)) is deﬁned anOHOWS;

Vertices Virace(c) ={x!|xleLV(0)}
Directed Edges Etrace(0) :={(x},y)) | x,y/ € LV(c) ADEPy,( (x, 3/, 0)}
Weights Werace(©) = {(x!,w) | w:To(c) = NAX €LV(c) :

AT € Tp(c), T €T . {c,To) —* (skip,To++T') A w(Tg) = cnt (7, 1)}
Query Annotations Qirace(C) = {(xl, n) | xelViorn=1leoxleQViooan=0ox'¢ QV(o)}

where ++: T — T — T is the trace concatenation operator, which combines two traces, and cnt : T —
N — N is the counting operator, which counts the occurrence of of a labeled variable in the trace.
All the definition details are in the appendix. A semantics-based dependency graph Girace(C) =
(Verace (€), Etrace (€), Werace (€), Qtrace(0)) is well-formed if and only if {x' | (x!,w) € Werace(€)} =
Virace(C).

There are four components in this graph.

1. The vertices Virace(c) of a program c are all its labeled variables, LV(c) which are statically
collected.

2. Qirace(c) contains the query annotation for every vertex x! € Virace (0). Tt indicates whether x*
comes from a query request (1) or not (0) by checking if the labeled variable x! of the vertex is
in QV(c).

3. Edges in E¢race(c) are built from the DEP,.,(x%, yj ,¢) relation between two labeled variables.
This is the key definition in order to formalize the intuitive may-dependency relation between
queries and the adaptivity. We present this formalization detail in Section [3.2] below.

4. The weight function in Wyyace(c) for each vertex, w : T — N maps from a starting trace 7o € Ty(c)
to a natural number. For each vertex x/, it tracks its visiting times (i.e., the evaluation times
of the command with the label ) when the program c is evaluated from the initial trace 7g
into skip, (¢, 7o) —* (skip,Tg++7’). The visiting times is computed by the counter operator
cnt(1’,1) by counting the occurrence of the label [ in /. As an instance, in the semantics-
based dependency graph of twoRounds in Figure b), the weight, wy of the vertex x3 is a



function of type JTy(twoRound(k)) — N. Given input 7y, we execute the program under 7 as
(twoRound(k), 7o) —* (skip, To++7'). Then wy(to) outputs the occurrence time of the label 3 in
7.
The main novelty of the semantics-based dependency graph is the combination of the quantitative and
dependency information. It can tell both the dependency between queries via the directed edge, and the
times they depend on each other via the weight.

3.2 May-Dependency

This section formalizes the may-dependency relation between queries and introduces the variable
may-dependency definition.

There are two possible situations that a query will be “influenced” by previous queries’ results,
where either the query request is changed when the results of previous queries are changed (data
dependency), or the query request is disappeared when the results of previous queries are changed
(control dependency). In this sense, our formal dependency definition considers both the two cases as
follows,

1. One query may depend on a previous query if and only if a change of the value returned to the
previous query request may also change this query request.

2. One query may depend on a previous query if and only if a change of the value returned to the
previous query request may also change the appearance of this query quest.

The first case captures the data dependency. For instance, in a simple program c; = [x — query(x[2])
15[y < query(xI3] + x)]2, we think query(y[3]+x) (variable y?) may depend on the query query(y|[2]))
(variable x!), because the equipped function of the former y[3] + x may depend on the data stored
in x assigned with the result of query(y[2])). From our perspective, query(y[1]) is different from
query(y(2])).

The second case captures the control dependency. For instance, in the program ¢, = [x — query(y[1])
1% if ([x > 212, [y — query(y[2)13, [skip]*), we think the query query(y[2]) ( or the labeled variable
y3) may depend on the query query(y[1]) (via the labeled variable x').

Since both of the two “influences” are passing through labeled variables, we choose to formally
define the may-dependency relation over all labeled variables, and then recover the query requests from
query-associated variables, QV(c). It relies on the formal observation of the “influence” via events in
Definition 0] and the may-dependency between events in Definition

Definition 9 (Events Differ in Value (Diff)). Two events €1,€, € € differ in their value, or query value,
denoted as Diff(ey,€2), if and only if:

mi(e1) = mi(e2) Amo(er) = ma(e2) (2a)

A ((m3(€1) # m3(€2) ATa(€1) = Ta(€2) = ) V (T4 (€1) # © AT14(€2) # © AT14(€1) #4 T4 (€2))) (2b)

where W1 =4 Y2 denotes the semantics equivalence between query values, and ; projects the i-th
element from the quadruple of an event.

my(€1) = mi(e2) Ama(er) = ma(ep) at Eq@ka) requires that €; and €, have the same variable name
and label. This guarantees that €; and e, are generated from the same labeled command. In Eq2[b),
two kinds of comparisons between the third and fourth element are for the non-query assignment
and query request separately. For events generated from the non-query assignments (via checking



74(€1) =4 m4(€2) = »), we only compare their assigned values through 73(€1) # 73(€2). But for these
from query requests (via checking m4(e1) # o Ama(€2) # ), we are comparing their query expressions
by m4(€1) #4 ma(€2) rather than the assigned value computed from the unknown database server. This
matches the intuitive data dependency between queries, where one query is influenced by others as
long as the query request is changed.

Below is the event may-dependency between events based on formally observing their differences
viaDiff.

Definition 10 (Event May-Dependency). An event €, is in the event may-dependency relation with
an assignment event €1 € £ in a program ¢ with a hidden database D and a witness trace T € 7,
DEP(€1,€2, [€1]++T++[€2], ¢, D) if and only if

310,71,7' €T,€, € E*™,¢1,00 € € . Diff(e1,€))A (3a)
(6, 70) =" (c1, Trw+le1]) =7 (C2, Tr+sl€1] 4T [€2])
(36,2 eé. N <C1,T1++[€ll]> —* (Cp, T]++[€/1]++T/++[€,2]> (3b)
A Diff(es,€,) Acnt(r,ma(e2)) = cnt (), m2(€)))
313,75 € T, € € E¥5Y
(C,To) —* (C],T1++[€1]> —* <Cz,T1++[€1]++T++[€b]++1’3>
/\<C1,T1++[€/1]> —* <C2,T]++[€/1]++T/++[(_|€b)]++‘[é>
ATL(13) NTL(15) = @ Acnt (7', m2(€p)) = cnt (7, m2(€p)) A€2 €T3 AEL E T

), (3c)

where TIL(t) € L is the set of the labels in all the events from trace T and €, € T3 or €3 ¢ T3 denotes
that e» belongs to T3 or not.

The first line in Eq. [3(a) requires that €; comes from an assignment command and then modifies its
assigned value via Diff (61,6’1).

Then, the following two parts in Eq[3[b) and (c) capture the intuitive value dependency and control
dependency respectively. Both parts execute the program two times w.r.t. the different values in €; (as
line:1 in Eq b) and line:2 in Eq c)) and € (as line:2 in Eq b) and line:3 in Eq c)), but observe
the difference in the newly generated traces in different ways (via 3rd line in Eq[3[(b) and 4th line in
Eq[3(c)). This idea is similar to the dependency definition from [1]].

In Eq [B[b) line:2, if the newly generated trace, 7'+ +[€}] still contains €, as €}, we check the
difference on their value in line:3. If they only differ in their assigned values, i.e., Dif f(eg,e’z) and
they are in the same loop iteration (via cnt (7,72 (€2)) = cnt (7', 712 (6’2))), then we say there is a value
may-dependency relation between €1 and €.

The Eq3]c) captures the control dependency through observing the disappearance e, from newly
generated traces, T’++[(—|€b)]++rg in the second execution (line:3). €3 € T3A €2 & Té in Eq c) line:4
specifies this disappearance. cnt(7/,7m2(€5)) = cnt (7, m2(€p)) is used to make sure the two executions
are in the same loop iteration as well. Different from Eq [3[b) line:3, we use a testing event, €,
here because cnt(t,72(€2)) = cnt(r/, w2 (6’2)) cannot guarantee the disappearance if there are nested
loops. This is correct because the control dependency can only be passed through the guard of if or
while command, and this guard must be evaluated into two different values (¢, and —€) in the two
executions.

Then Considering all the assignment events newly generated during a program’s executions, as
long as there is one pair of events satisfying the event may-dependency, we say that the two labeled
variables in the two assignment events satisfy the variable may-dependency relation below.

10



Definition 11 (Variable May-Dependency). A variable xéz € LV(c) is in the variable may-dependency
relation with another variable xil € LV(c) in a program c, denoted as DEPvar(xfl,xéz, ¢), if and only if.

Jey,62 € €232, 71€T,De DB . (€)™ = x{l A 711 (€2)72(€) = xéz ADEP.(€1,€2,7,c,D)

From the definition, a labeled assigned variables xéz may depend on another labeled assigned
variable x{l in a program c under the hidden database D, as long as there exist two assignment events
€1 (for xil) and e, for xéz satisfy the event may-dependency relation under a witness trace 7.

3.3 Trace-based Adaptivity

Given a program c’s semantics-based dependency graph Girace(c), we define adaptivity with respect to
an initial trace 7 € Jy(c) by the finite walk in the graph, which has the most query requests along the
walk. We show the definition of a finite walk as follows.

Definition 12 (Finite Walk (k)). Given the semantics-based dependency graph Gyrace(€) = (Virace, Etracer Werace» Qtrace)
of a program c, a finite walk k in Girace(C) is a function k. Given an input initial trace 1 € Ty(c),
k(to) is a sequence of edges (e ...en—1) for which there is a sequence of vertices (vy, ..., V) such that:

* ¢; =(Vi, Vi+1) € Etrace for every 1 <i < n.
* every V; € Virace and (vi, W;) € Werace, Vi appears in (vy,..., vy) at most w(t) times.
The length of k(o) is the number of vertices in its vertices sequence, i.e., len(k)(tg) = n.

WX (Gerace (€)) is the set of all the finite walks k in Grace (€), and ky, —», € WK (Ggrace (€)) denotes
the walk from vertex v; to vs.

Because the adaptivity are intuitively describing the dependency between queries, so we calculate
a special “length”, the query length of a walk by counting only the vertices corresponding to queries.
This is formally defined below.

Definition 13 (Query Length of the Finite Walk(1en®)). Given the semantics-based dependency graph
Girace(C) of a program c, and a finite walk k € WX (Gyrace(€)). The query length of k, Len(k) is a
Sfunction Ty(c) — N, such that given an input initial trace 1o, len(k)(to) is the number of vertices
which correspond to query variables in the vertex sequence, (v1,...,Vy) as follows,

len?(k)(ro) = (v v € (v1,..., vp) AQ(D) = 1).
Then the definition of adaptivity is presented in Definition [I4] below.

Definition 14 (Adaptivity of a Program). Given a program c, its adaptivity A(c) is function A(c): T — N
such that for an initial trace Ty € Ty(c),

A(c)(to) = max{len(k) (7o) | k € WK (Gerace(€))}

3.4 The Walk Through Example

11



towRounds(k) £
la—01%[j —k]';
while [j>0]® do

([ — query(x(j1- (kD]
[j—j-1]%

la—x+ a]5);

3.
’

[l — query(ylk] * a)]6

(a) (c)
(b)
Figure 2: (a) The program towRounds(k), an example with two rounds of adaptivity (b) The corre-

sponding semantics-based dependency graph (c) The estimated dependency graph from AdaptFun.
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Figure 3: The overview of AdaptFun

4 The Adaptivity Analysis Algorithm - AdaptFun

In this section, we present our static program analysis for computing an upper bound on the adaptivity
of a given program c.

4.1 A guide to AdaptFun

In order to have a sound and accurate upper bound on the adaptivity of a program c, we design a program
analysis framework named AdaptFun. This framework composes two algorithms as shown in the
double-stroke box and the dashed box in Fig.[3] The first algorithm in the double-stroke box combines
the quantitative and dependency analysis techniques. It produces an estimated data-dependency graph
for a program. The second algorithm in the dashed box is a walk length estimation algorithm. It
computes the upper bound on the program’s adaptivity over the estimated graph. Below is the outline
of the AdaptFun.

1. Graph Estimation Because adaptivity is defined over a program’s quantitative dependency
graph (in Definition [8)), this algorithm first estimates this graph for the program statically in
Section It estimates the four components of this graph in two steps and then composes them
into an estimated dependency graph in the last step. The steps are summarized as follows.

(a)

(b)

Vertex and Query Annotation Estimation Vertices and query annotations in this graph
are the assigned variables with unique labels. These are extracted directly from the program
as in Section 4.2

Edge and Weight Estimation

This step estimates the edge and weight for a quantitative dependency graph. It combines
the control, data-flow analysis algorithm and the loop bound inference algorithm. There
are three computation steps in this algorithm.

Abstract Control Flow Graph. In order to perform the dependency analysis and quan-
titative analysis, this step first generates an abstract control flow graph for a program in
Section

Edges Estimation via Combined Flow Analysis. The step is presented in Section[4.3.2]
It performs over the abstract control flow graph, which combines both control flow and
data flow analysis. It estimates the dependency relation between each pair of the labeled
variables in a program by considering both the control flow and data flow. Then it uses the
estimated dependency relation to approximate the edge between each pair of vertices.
Weights Estimation via Quantitative Analysis. This step is presented in Section 4.3.3]
It performs over the same abstract control flow graph and computes the upper bound on the
maximal visiting times of each labeled variable for a program. It estimates the reachability
bound for every vertex over the abstract control flow graph, and this reachability bound is
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used to estimate the maximal visiting times of each labeled variable in a program and the
weight of the corresponding vertex.

(c) Graph Estimation. In Section we construct the final approximated graph, named
estimated dependency graph by simply composing the four estimated ingredients. Overall,
this estimated dependency graph has a similar topology structure as the semantics-based
dependency graph. It has the same vertices and query annotations, but approximated edges
and weights.

2. Adaptivity Computation. Likewise the adaptivity in Definition [I4] the static estimation on the
adaptivity also relies on finding a walk in the estimated dependency graph. We discuss some
challenges in finding the *appropriate’ walk in the graph, and how our algorithm responds to
these challenges as in Section

4.2 Vertex and Query Annotation Estimations

Vertex Estimation The first component of the estimated dependency graph is the vertex set, which
is identical to the semantics-based dependency graph. Every vertex is an assigned variable in the
program, which comes from an assignment command or query request command with a unique label.
These vertices are collected by statically scanning the program, like what we do for vertices of the
semantics-based dependency graph, as follows.

Vest (€) £ {xl eLv | xle I]_\/(c)}

where A, is the set of arithmetic expressions over N and program’s input variables.

Query Annotation Computation The static scanning of the programs also tells us whether one
vertex(assigned variable) is assigned by a query request. Identically to the semantics-based dependency
graph, Qest () is a set of pairs Qest (€) € P(LV x {0,1}) mapping each x! € Vegt (€) to either 0 or 1. 1
denotes x! is a member of QV,, which is the set of program’s variables assigned with query requests,
and 0 means x! not in this set. It is defined formally below.

Qest(c)z{(xl,n)GLVX{O,l} xelVon=1 e x'eQV,An=0 = xlg@\/c.}

4.3 Edge and Weight Estimation

The edges and weight are estimated through a combined control, data flow, and loop bound analysis.
Because these analyses are all performed on basis of the Abstract Transition Graph of the program,
we first introduce how to generate this abstract transition graph in Section Then Section 4.3.2
presents the edge estimation based on a combined control and data flow analysis algorithm, and
Section computes the weight through a loop bound analysis.

4.3.1 Abstract Transition Graph

This section shows how to generate the abstract transition graph absG(c) of a program c through
constructing its vertices and edges.

An Abstract Transition Graph, absG(c) for a program c is composed of a vertex set absV(c) and
an edge set absE(c), absG(c) 2 (absV(c), absE(c)).
Every vertex [ € absV(c) is the label of a labeled command in ¢, which is unique. We also call the
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unique label as program point.

Each edge (I A, I') € absE(c) is an abstract transition between two program points [,I’. There is an
edge from [ to I" if and only if the command with label I’ can execute right after the execution of the
command with label I. Each edge is annotated by a constraint dc € DT, which is generated from the
command with label . This constraint describes the abstract execution of the command with /.

Abstract Control Flow Graph Vertices Construction Every vertex / € absV(c) corresponds to a
program point [, which is a unique label of a command in this program. Concretely, the vertices of this
graph is the set of ¢’s labels with the exit label ex formally as follows,

absV(c) =LV(c) U {ex}

Abstract Control Flow Graph Edge Construction Each edge (I de, ) € absE(c) is an abstract
transition between two program points /,!’. There is an edge from [ to I if and only if the command
with label I’ can execute right after the execution of the command with label I. Each edge is annotated
by a constraint dc € DC' generated from the command with label . This constraint describes the
abstract execution of the command with [. This step shows how to generate the abstract transition
graph absG(c) of a program c through constructing its vertices and edges.

The vertices can be easily collected and the key point of the abstract transition graph for a program
is constructing the edge set, absE(c) for a program c. It relies on the control flow analysis and the
program abstraction of each command. To make it easy to understand, it is an enriched control flow
graph with an annotation on each edge. The edge set is constructed by a program abstraction method in
three steps.

In the first step, Constraint Computation generates a constraint over the expression for every pro-
gram’s labeled command, which is used as the annotation of an edge.

In the second step, Initial and Final State Computation generates two sets for each command. The
initial state is a set that contains the program point where this command starts executing, and the final
state is a set that contains the constraint of this command and the continuation program points after the
execution of this command.

In the third step, Abstract Event Computation generates a set of edges for the program. Each edge is
a pair of initial and finial state.

Constraint Computation In this step, we first show how to compute the constraints for expressions
in a program c, by a program abstraction method adopted from the algorithm in Section 6 in [6].
Given a program c, every expression in an assignment command or in the guard of a if or while
command is transformed into a constraint.

Notations / Formal Definitions:

* Operator: absexpr: AUB — DC(VARUSMBECST)UBU{T}

* Constrains, D€' is composed of the Difference Constraints DC(VARUSMBECST), the Boolean
Expressions B and T.

— The difference constraints DC(VAR USMBCECST) is the set of all the inequality of form
x'<y+vorx <vwhere xe VAR, ye VAR and v € SMBCST. The Symbolic Constant
set SMBCST = NUVAR;, UooU Qyy is the set of natural numbers with oo, the input
variables, and a symbol Q,, representing the abstract value of a query request. An inequality
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x' < y+ v describes that the value of x in the current state is at most the value of y in the
previous state plus the symbolic constant v. An inequality x’ < v describes that the value

of x in the current state is at most the value v. When a difference constrain shows up as

X'sy+v . . .
o , it denotes that the value of variable x after executing the

an edge annotation, [

command at [ is at most the value of variable y plus v before the execution, and [ =ty

respectively denotes value of variable x after executing the command at / is at most the
value of the symbolic constant v before the execution. For every expression in each of the
label command, it is computed in three steps via program abstraction method adopted from
the Section 6 in [6]].

The Boolean Expressions b from the set B. b on an edge ! b, 1 describes that after
evaluating the guard with label [, b holds and the command with label [ will execute right
after.

The top constraint, T denotes true. It is preserved for skip command, or commands that

don’t involve any counter variable.

Computation Steps:

Definition 15 (Constraint Computation). For a program c, a boolean expression b in the guard of a
if or while command or an expression e and a variable x in an assignment command x — e, the
constraint absexpr(b,_) or absexpr(x — v, x) is computed as follows,

absexpr(x—v,x)=x'<x-v
absexpr(y+uv,x)=x'<y+v
absexpr(v,x)=x'<v
absexpr(y+uv,x)=x'<y+v
V‘A:Rguard = V‘A:Rguard u{yt
absexpr(y,x) = x' < Qp
absexpr(e,x) = x' <oo
absexpr(e,x)=T
absexpr(b,_)=b

’Vfwzguard = VARguard UFV(b)

x € VARguara ANVEN
x € VARguara AVEZ Ay € (VARguara USMBEST)
x € VARguara AV € (VARguara USMBCSET)

X € VARguara A\VEZA Y ¢ (VARguara USMBEST)

x € VARguara A is a query expression

x € VARguara A € doesn’t have any of the forms as above
x ¢ VARguara

x € VARguara A b is a boolean expression

VARguara is the set of variables used in the guard expression of every while command in the
program c. In the case 4, if a variable x, belonging to the set VARguarq is updated by a variable y,
which isn’t in this set, we add y into the set VARguarq and repeat above procedure until VARgyarg and

absexpr(e, x) is stabilized.

Specifically we handle a normalized expression, x > 0 in guards of while loop headers, and the counter
variable x only increase, decrease or reset by simple arithmetic expression (mainly multiplication,
division, minus and plus (able to extend to max and min)). The counter variable x is generalized
into norm when the boolean expression x > 0 in while doesn’t have the form x > 0. The way of
normalizing the guards and computing the norms is adopted from the computation step 1 in Section 6.1

in paper [6].

Definition 16 (Symbolic Expression (Ag)). Ag is the set of all the symbolic expressions over SMBCST.

The symbolic expression set is a subset of arithmetic expressions over N with input variables, i.e.,

-AS cAip.
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Abstract Initial and Final State Computation This step computes two sets for each command.
The initial state is a set that contains the program points before executing this command, which is
computed by the standard initial state generation method from control flow analysis. The final state is
a set that contains the constraint of this command and the program points after the execution of this
command. This set is enriched from the standard control flow analysis.

Notations / Formal Definitions:

¢ The abstract initial state: absinit(c) € L.
* The abstract Final State: absfinal(c) € P(L x DCT)
Computation Steps:

* The abstract initial state, absinit(c) € P(L) for a command c is the set of the initial program
points. Each point in this set is a unique program label corresponds to the command before
executing this command.

Given a program c, its abstract initial state, absinit(c) is computed as follows,

absinit([x — e]’) =1{l}
absinit([x — query(y)] h ={l
absinit([skip] l) =1
absinit(if [b]' thenc elsecy) ={I}
absinit(while [b]’ do c) =1{l}
absinit(cy;co) =absinit(c)

* The abstract final state of the program c, absfinal(c) € P(L x D) is a set of pairs, (I, dc)
with a program point (i.e., a label), [ as the first component and a constraint, dc as the second
component. The program point / corresponds to the labeled command after the execution of c,
and the constraint dc in this pair is computed by absexpr for the expression in c.

Given a program c, its final state, absfinal(c) is computed as follows,

absfinal([x — e]l) = {(l/,absexpr (e, x))}
absfinal([x — query()]) ={(L,x' =0+ Qm)}
absfinal([skip] 9 ={(, T}

absfinal(if [b]l thenc; elsecy) =absfinal(c;)Uabsfinal(cy)
absfinal(while [b]’ do c) ={(l,absexpr(b, T))}
absfinal(cy;c) =absfinal(cy)

Abstract Event Computation Each abstract event is an edge between two vertices in the abstract
transition graph. It is generated by computing the initial state and finial state interactively and
recursively for a program c.

Notations / Formal Definitions:

e Abstract Event: é€ L x DCT x £
e Abstract Event Computation: abstrace € C — P(L x DCT x L)

Its type is defined as follows,
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Definition 17 (Abstract Event). Abstract Event: €€ L x DC' x L is a triple where the first and third
components are labels, second component is a constraint from DCT.

In an abstract event (,dc, ') of a program c, the first label [ € £ corresponds to an initial state of
¢, and the second label I’ € £ with the constraint dc € DT correspond to an abstract final state of c.
The abstract initial state is a label from £. We abuse the notation P(€) for the power set of all abstract
events.

Computation Steps:
The set of the abstract events abstrace(c) for a program c is computed as follows in Definition

Definition 18 (Abstract Event Computation). abstrace € € — P(L x DT x L)

We first append a skip command with the label ex, i.e., [skip] lex at the end of the program c, and

construct the program ¢’ = ¢; [skip] lex. Then, we compute the abstrace(c) = abstrace’(c) for ¢’ as
follows,

abstrace’([x — e]!) =@
abstrace’([x — query(y)] Ly =@
abstrace'([skip]l) =@
abstrace’(if [b]! then ¢; else cp) = abstrace’(cy) U abstrace'(cf)
U{(/,absexpr(b, T),absinit(c;)), (/,absexpr(—b, T),absinit(cf))}
abstrace’(while [b]l do cy) =abstrace’(cy) U {(l,absexpr(b, T),absinit(cy))}
u{(l',dc, D|(I',dc) € absfinal(cy)}
abstrace’(cy;c) =abstrace’(c;) Uabstrace’(cp)

u{(l,dc,absinit(c2))|(l,dc) € absfinal(cy)}

Notice abstrace’([x := e]’), abstrace’([x := query(y)])) and abstrace’([skip]’) are all empty
set.
Theorem Guarantee: For every event € with label [ in an execution trace T of program c, there is an
abstract event in program’s abstract execution trace of form (I,_, ). Our soundness is presented below
with the proof in Appendix [D.T]

Lemma 4.1 (Soundness of the Abstract Events). For every program c and an execution trace T €T
that is generated w.r.t. an initial trace Ty € Ty(c), there is an abstract event €= (I, _, )eabstrace(c)
for every event € € T having the label 1, i.e., e = (_,1,_,_).

VeeCtoeTole),teT,e=(1,_, )e& . .{c,To) =" (skip, Tog+T) ANEET
= Je=(I,_, ) e (LxDC" x L) . €€ abstrace(c)

For every program point / corresponding to an assignment command in a program c, there is a
unique abstract event in the program’s abstract events set €€ abstrace(c) of form (I, , ).

Lemma 4.2 (Uniqueness of the Abstract Events Computation). For every program c and an execution
trace T € T that is generated w.r.t. an initial trace Ty € Ty(c), there is a unique abstract event
€= (l,_, ) € abstrace(c) for every assignment event € € E*" in the execution trace having the label I,
le,e=(,l, , )andeerT.

VeeC19eTo(c),71€T,e=(_1,_) €& . {c,Tp) =" (skip, To+T) NEET
= Ae=(l, , )e(LxDCT xL). €€ abstrace(c)

This lemma is proved in Appendix [D.2]
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la—01%[j — k]
while [j>0]* do
([xhquery(x[j])]
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[l — query(x[k]* a)]6

@ (b) ©)

Figure 4: (a) The same towRounds(k) program as Figure [2| (b) The abstract control flow graph for
towRounds(k) (c) The abstract control flow graph with the reachability bound for towRounds (k).

Edge Construction The edge for ¢’s abstract transition graph is constructed simply by computing
the program’s abstract events set, abstrace(c) as follows,

absE(c) ={(l1,dc, b)|(l,dc, I5) € abstrace(c)}

Abstract Transition Graph Construction With the vertices absV(c) and edges absE(c) ready, we
construct the abstract transition graph, formally in Definition

Definition 19 (Abstract Transition Graph). Given a program c, its abstract transition graph absG(c) =
(absV(c),absE(c)) is computed as follows,

absE(c) ={(l;,dc, b)|(l1,dc, o) € abstrace(c)},

absV(c) =1LV(c) U{ex}

Example The edge (1 I=k 2) on the top tells us the command [j — k]1 is executed with a continua-
tion point 2 such that the guard [j > 0]2 will be evaluated next. The annotation j' < k is a difference
constraint computed for the expression k from the assignment command j < k. It represents that the
value of j is less than or equal to value of input variable k after the execution of [a — 0]° and before

. . , j<0 .
executing the loop. The boolean constraint j <0 on the edge 2 =6 represents the negation of the
testing guard j > 0 of the while command with header at label 2.

4.3.2 Edge Estimation

Since the edges of the semantics-based graph of a program relies on the dependency relation, it contains
both control flow and data flow. In this sense, We first develop a feasible data-flow relation to estimate
the data dependency relation, which catches these two flows. Then we construct the edges for Gest (€)
based on this feasible data-flow relation. This algorithm named Feasible Data-Flow Generation. It
considers both the control flow and data flow and is a sound approximation of the edges in the semantics
based dependency graph. The three steps in this algorithm is summarized as follows,

1. The Reaching Definition analysis computes a set of labeled variables, RD(/, ¢) for every label
I in c over its abstract control flow graph, absG(c). The computation performs the standard
reaching definition analysis and working-list algorithm over the abstract control flow graph,
absG(c). RD(J, ¢) contains all the labeled variables which are reachable at program point /.
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2. The Feasible Data-Flow computation combines the RD(/, ¢), absG(c) and data flow analysis.

It computes the feasible data-flow relation, flowsTo(x!, yj ,¢) for each pair of the ¢’s labeled
variables, x’, y/ € LV(c) in Definition 20} £lowsTo(x’,y/, c) is a sound approximation of the
variable may-dependency relation, DEP,, (%, yf ,¢) for every xt yj € LV(c). The formal proof
is in the Appendix. We also discuss that the combined analysis gives more precise approximation
on the data may-dependency than single analysis in Appendix.

Edge Estimation Using the f1owsTo(x', y/, c) relation, we define the estimated directed edges
as set of pairs of vertices x',y’/ € Vg (€), Eest(c) € P(LV x LV). Every flowsTo(x', y/,¢)
relation indicates a directed edge from the x’ to y/ if and only if it is true.

The details are as follows.

Reaching definition analysis This part performs the standard reaching definition analysis given a
program c, on every label in absV(c). This step generates set of all the reachable variables at location
of label [ in the program c. The RD(/, ¢) represent the analysis result, which is the set of reachable
labeled variables in program c at the location of label I. For every labelled variable x/ in this set, the
value assigned to that variable in the assignment command associated to that label is reachable at the
point of executing the command of label /. It is computed in five steps as follows,

1.

The block, is either the command of the form of assignment, skip, or a test of the form of [b] I
denoted by blocks(c) the set of all the blocks in program c, where blocks: € — P(C U [b]).

A block is either the command of the form of assignment, skip, or test of the form of [b]'.
The operator blk: € — blocks gives all the blocks in program c.
Set ? to be undefined.

The operator kill: blocks — P(VARx Lu{?}) produces the set of labelled variables of assignment
destroyed by the block.

The operator gen: blocks — P(VAR x L uU{?}) generates the set of labelled variables generated
by the block.

The operator in(l), out(l): L — LV uU{? for every block in program c is defined as follows,

in() ={|x'elV,Al=absinit(c)}ufout)||(l',_, 1) € absE(c) Al #absinit(c)}
out(l) =genBHulin()\kill(B")}

computing in(l) and out(l) for every Ble blocks(c), and repeating these two steps until the
in(l) and out(l) are stabilized for every B! € blocks(c) We use RD(I, ¢) to represent denote the
stabilized result of in(l) at label [ in program c.

The stabilized in(l) and out(l) for program c, as well as RD(/, ¢), is computed by the standard
work-list algorithm with detail as below.

(a) initialize in[l]=out[1]=@; in[0] = @

(b) initialize a work queue W, contains all the blocks in ¢

(c) while [W|!=0
pop lin W
old = out[l]
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in(l) = out(l') where (I',_, 1) € absE(c)

out(l) = gen(bl) U (in(l) - kill(bh ), where bl e blk(c)
if (old !'= out(l)) W =wWu{l'|(I,1") e (I',_, ) € absE(c)}
end while

Feasible Data-Flow Computation This part presents the computation of the feasible data-flow
relation between each pair of labeled variables in a program c, formally in Definition [20]

Definition 20 (Feasible Data-Flow). Given a program ¢ and two labeled variables x', v/ in this
program, £lowsTo(x*,y/,c) is

flowsTo(x!, y/, [y — €]} 2 (xl,yi) e {(x', y))Ix € FV(e) A x' € RD(L, [y — e] )}
:ElowsTo(xl:,y]:, [y— q?ery(w)]l) £ (xh, y)) e {(xt, yhlx e FV(@) A x* € RD(L, [y — query(w)]l)}
flowsTo(x', y/, [skip]®) =0
flowsTo(x!, y/, if ((b)),c1,c0)) 2 flowsTo(x!,y/,c1) v ElowsTo(x!, ¥/, o)
vix!, yl) e {(x', y)lx € FV(b) A x' €RD(, if (1B, c1,¢2)) Ay €LV (er)}

o v,y e {(xd, yhlx e FV(b) Ax' €RD(, if (1), c1,¢2)) Ay €LV(e2)}
flowsTo(x,y/, while [b]' docy) £ flowsTo(x,y/,cp)V

o (', y) e {(x!, y))x € FV(b) A x* €RD(L, while (bl do cy) A yd €LV (cy)}
flowsTo(x', 3/, c1;¢2) £ flowsTo(x', 3/, c1) v flowsTo(x', y/, c2)

We prove that the transitive closure of the Feasible Data-Flow relation is a sound approximation of
the Variable May-Dependency relation over labeled variables for every program, in Appendix [C]

Improvement Analysis. Combining the result of reaching definition, RD(I, c) with the abstract
control flow graph, absG(c) with control flow analysis into the feasible data-flow generation improves
the data-dependency relation approximation accuracy. For example, a program [x = 0]';[x = 2]%; [y =
x+1]3. The standard data flow analysis tells us that both the labeled variable x! and x2 may flow to
y3, which will result in an unnecessary edge (x', y®). The result of reaching definition can help us
eliminate this kind of edge by telling us, at line 3, only variable x? is reachable.

Edge Estimation The Edge Estimation is based on the flowsTo(x/, )/, ) relation. For each pair
of vertices x%,y/ in Vgt (c), there is a directed edge from the x’ to y/ if and only if they have
feasible flows-to relation, i.e., flowsTo(xi,yf,c) is true. Using the flowsTo(xi,yf,c) relation, we
define the estimated directed edges as a set which contains all pair of vertices x?,y/ in Vegt(c),
Eest (€) € P(LV x LV) satisfying this relation formally as follows,

Eest ()= {(y),x)) | ¥/, 2T €Vese () AN, 21, 2, €LV(O) .
n=0AflowsTo(x',z,",¢) A--- AflowsTo(z,", ¥/, )}

We prove that this estimated directed edge set Eqst (c) is a sound approximation of the edge set in ¢’s
semantics-based dependency graph by Lemma[B.Zjn Appendix [B].

Example As in the Figure 3(c), the edge 1% — a® is built by flowsTo(I% a®, c) relation because
a is used directly in the query expression y[k] * a in the command [l — query(y[k] * a)]6, ie.,
a€ FV(x[k] * a). And we also have a® € RD(6, twoRounds (k)) from the reaching definition analysis.
Another edge x> — j° in the same graph represents the control flow from j° to x®, which is soundly
caught by our flowsTo relation.
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4.3.3 Weight Estimation

This section presents the quantitative analysis algorithm, which performs over the same abstract control
flow graph, absG(c) of a program c as well. As the Wyyace(c) defined in Definition |8} the weight of
every x! € Vgt (€) is the execution times of the command with label [. In this sense, to estimate weight
of x!, this step first computes an upper bound, the reachability-bound|3) for every I € absV(c) on the
execution times of the command with label I. Then, the reachability-bound is used to estimate the
maximal visiting times of the labeled variable x! € LV(c) and the weight of the vertex xle Vest (€). The
two computation steps are summarized as follows,

1. Reachability Bound Analysis As the Wy aco(c) defined in Definition (8] the weight of every
x! € Vege (€) is the execution times of the command with label [. In this sense, to estimate weight
of x!, this step first computes an upper bound, the reachability-bound for every I € absV(c) on
the execution times of the command with label /. Then, the reachability bound on ! € absV(c) is
used to estimate the weight of the vertex x' € Vegr(0)

2. Weight Estimation Because the vertex in program’s absG(c) shares the same unique label with
the vertex in Vet (c), we use the reachability-bound on the vertex [ € absV(c) directly as the
weight of the vertex x!in Vest (€).

Step-1: Reachability Bound Analysis This symbolic reachability bound analysis performs over
the same abstract control flow graph, absG(c) of a program c. It first computes a reachability bound
for every edge [ . pe absE(c), which is a symbolic bound on the maximum execution times of the
command with label [ of ¢. Then the reachability bound for edge [ 4¢, 1" is used as the bound on the
maximum visiting times of the vertex ! € absV(c). It is a sound upper bound on the visiting times of
every label [ € absV(c), named reachability-bound. The computation steps are summarized as follows,

1. It first collects three edge sets for each variable, in which the variable increases, decreases and
reset respectively.

2. Then, for each edge [ de e absE(c), it assigns a variable x (or a symbolic constant ¢ €
SMBEST) if x (or c¢) decreases in dc, as this edge’s local bound.

3. It then computes the bound on the maximum value of the local bound for each edge, and the
reachability-bound on the execution times of the corresponding edge recursively.

4. The last step uses reachability-bound w for edge [ 4, 11 as the bound on the maximum visiting
times of the vertex [ € absV(c) and generates a set absW(c) contains a pair (I, w) for every
l € absV(c).

The algorithm in this step is inspired from the Algorithm.2 in paper [3]], the Algorithm.3 in paper [7],
and the Definition.25 in Section 4 of paper [6].

* Algorithm.3 in paper [7]] assigns a set of variables to each transition in which these variables
decrease as the local bound and estimates the maximum value each variable in this set.

* Algorithm.2 in paper [3]] assigns a variable to each edge on which this variable decrease as its
ranking function and then estimates the maximum value for the ranking function.

* The Definition.25 in paper [[6] assigns each transition with a variable that decreases in this
transition, as the local bound and computes the bound similarly.
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The computation steps are as follows,

1. Variable Modifications For each variable x in a program c, this step computes three edge sets,
inc(c, x), dec(c, x), and re(c, x) for x. Every edge in a set corresponds to a transition in which
x is increased, decreased or reset respectively.
inc:@— VAR — P(e) is the set of the edges where the variable increase,
inc(c,x) = €| €= (I,I',x' < x+ v)A €€ abstrace(c)}
dec: VAR — P(€) is the set of abstract events where the variable decrease,
dec(c,x) = {e|e=(I,I',x' < x— v)A €€ abstrace(c)}
re:C — VAR — P(€) is the set of the abstract events where the variable is reset,
re(c,x)={ele=(I,I',x' < y—v) Ax # yA €€ abstrace(c)}
rechain: @ — VAR — P(P(€)) is the set of the chain of abstract events where the variable is
reset through the chain.

In addition to collect the edge set that x is reset on every edge in this set, i.e., compute the
re(c, x), we also compute a set, rechain(c, x) contains sequences of edges for x based on
the Definition.20 in [6]. In each sequence, (eg, -, e;;) € rechain(c, x) a variable x; is reset
by another variable x;,; on edge e; and x;;; is reset on edge e;) recursively for every i =
0,---,m—1. x is reset on the first edge ey of every sequence in rechain(c, x). Rephrase: Each
edge e; in a sequence (eg,---,e,) € rechain(c, x) resets a variable x; by another variable x;;
such that x;.; is reset on edge e;;1 recursively. The first edge ey of each sequence resets the
variable x.

In the following steps, c is omitted in inc(x), dec(x) and re(x) for concise when the reference
of a program c is clear in the context.

2. Assigning The Local Bound to An Edge For each edge in the transition graph absG(c) of a
program c, this step assigns the variable that decreases on this edge as the local bound of this
edge. This step adopts the local bound computation method in Section 4 of [6] to assign the local
bound to each edge, formally as follows.

Definition 21 (Local Bound Generatation). For every edge € in the transition graph absG(c) of
a program c, its local bound, 1ocb(g, c) is the variable that decreases on this edge, computed as
follows,

locb(e,c) 21 €¢ SCC(absG(c))
locb(g, )2 x €€ SCC(absG(c))A €€ dec(x)A €= (,_x'=sx-v)
locb(€,c) 2 x €€ SCC(absG(c))A €¢ Urevar dec(x)A €¢ SCC(absG(c) \ dec(x)).

SCC(absG(c)) is the set of all the strong connected components of absG(c).

The first case is straightforward. For the label [ which is not in any while loop, the labeled
command with the label [ will be evaluated at most once. The second and third cases are
guaranteed by the Discussion on Soundness in Section 4 in [6]. We formalized the soundness
and proof by Lemma [D.T]in Appendix

3. Local Bound Estimation This step estimates the upper bound, Vinvar(x,c) € Aji, on the
maximum value for each local bound x € VAR USMBCST.
For a program c, the local bound of an , Vinvar(locb(e,¢)) € Aj;y is the bound on the maximum
value of the local bound assigned to the edge €€ absE(c), formally in Deﬁnition and
In order to estimate the maximum value of 1ocb(e, ) assigned to edge €€ absE(c), the bound
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on the iteration times of each corresponding edge, TB(€, c) is computed interactively in a path-
insensitive manner.

Vinvar: VARUSMBCST x C) — Ain

TB: (€ xC) — Aip

Definition 22 (Local Bound Computation). For a program c and an edge €€ absE(c), the local
bound, Vinvar(locb(g, ), ¢) for the local bound locb(g, ¢) of this edge is computed as follows,

Vinvar(x,¢) =x x € SMBCST
Vinvar(x,c) £ increase(x,c)+max({Vinvar(y,c)+v | (I,x'<y+vl)ere(x)}) x¢SMBCST

increase(x,0)2 Y {TB(,c)xv |e=(,x <x+uv, 1)}

a
€€inc(x)

Definition 23 (Transition Bound). For a program ¢ and an edge €€ absE(c), the path-insensitive
transition bound, TB(Z, ¢) € Ayq for this edge is computed as follows,

TB(e,c) = Vinvar(locb(e,c),c) if locb(e,c) e SMBCST
TB(Z‘, c) £ increase(x,c) + > (TB(Z‘I, c) X (Vinvar(y, c)+ v))

! !
¢ Ere(x,c)/\g =(Lx=sy+vl)

if locb(e,¢)=xAx¢&SMBCST ,

Then we construct the set of reachability bound w for every program point /, as absW(c). For
each pair (I, w) € absW(c), w = Z{TB(?, c)|g= (l,_,_)}.

Theorem Guarantee For a program c and an edge €€ absE(c), TB(€) is a sound upper bound
on the execution times of this transition by paper [6]. The soundness theorem is attached in
Theorem [4.1]in Appendix D}

Theorem 4.1 (Soundness of the Transition Bound). For each program ¢ and an edge €= (I,_,_) €
absG(c), if | is the label of an assignment command, then its path-insensitive transition bound
TB(€, ¢) is a sound upper bound on the execution times of this assignment command. in c.

VeceC,lelV(c), 1o € Tolc), T€T,veEN. {c,To) =" (skip, To+T) A (TB(€, ¢), To) JavAcent(r,)<v

Example We perform the symbolic reachability bound analysis on the abstract control flow
graph in Figure f(b) and compute the result in Figure df(c). We would like to generate the
closure of every edge, which is an equality relation between variables. Solving this closure
gives us the reachability bound for this edge. With all the bound for all the edges in the abstract

control flow graph, we can calculate the weight for every vertex in this graph. For example, we
Jj'=

-1 j'<j-1 , }
show the closure generated for the edge 4 ! 5, TB(4 EAT 5) = Vinvar(j). The invariant

for variable j, Vinvar(j) used here is Vinvar(j) = k * TB(1 Pk, 2), which is generated by
all the difference constraints involving j in the graph. Notice the k in Vinvar(j) comes from

considering both difference constraint j’ < k from edge 1 I=k and j' < j—1 from 4 J=i] 5,
which intuitively reflects the while loop whose counter is set to k at the beginning and decreases
by 1 at each iteration. With all the closures for all the edges of the abstract control flow graph,
we can solve them to obtains the reachability bound of every edge. We decide the weight for
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every vertex in the abstract control flow graph by using the bound of the edges which head out

from this vertex, by taking the max of the bound from these involving edges. For instance, By
j'=sj-1

the constraint on the edge 4 5, we get bound k for this edge. Then, we assign vertex
4 by reachability bound k, as in Figure ). Another interesting vertex is 2, which has more

. . j=0 j<0 .
than one edge heading out from it,2 1=, 3 and 2 L= 6. For the weight for vertex 2, we choose

>0 <0
the max between the bound k from 2 2= 3 and 1 from 2 2= 6. The same way for the rest
weights’ computation. We use absW(c) for the set of weights we just computed for each label in
the abstract control flow graph of c¢. The same way for the rest weights’ computation.

Vertex Weight Computation Because the vertices in the two graph share the same unique label,
the line number. We use the reachability bound on each program label from absW(c) to estimate the
maximal visiting times of each labeled variable. We show that the reachability bound on one vertex of
absW(c) is also the upper bound for the corresponding vertex in the static analysis dependency graph,
both vertices share the same unique line number.

Then we compute the weight for each vertex in Vegt(c), as a set of pairs mapping each vertex
x'elV(c) to a symbolic expression over SMBCST. West(c) € P(LV x Ajip) is formally computed as
follows,

Wose (0) 2 {(x!, ) | ' € Vege () A (1, w) € absH(0)}.

We prove that this symbolic expression for x! € Vet (c) is a sound upper bound of the weight for the
same vertex x' in Program’s semantics-based dependency graph by Lemma in Appendix B} and

Theorem [D.2]in Appendix [D.3]

Example Going back to the quantitative dependency graph for two-round example in Figure [5|c),
which we aim to estimate. Every vertex from Vg (¢) in this graph corresponds to a labeled variable, for
example a°, and this label 5 is also a vertex 5 in the abstract control flow graph in Figure Ekb). Then,
it is straight forward, that the reachability bound for the label 5, is also the maximum visiting times
bound of the labeled variable a°. So, we estimate the visiting time for labeled variable a® in estimated
dependency graph in Figrue [c) as k as well. The same way for the rest weights’ computation.

4.4 Graph Construction

With the four components Vgt (€), Eest (€), West (€), and Qest (¢) computed in each steps above, this step
simply combine the four components into the quantitative dependency graph for program c as follows,

Gest (€) = (Vest (€), Eest (€), West (€), Qest (€)).

We prove that this graph is a sound approximation of the program’s semantics-based dependency graph
by soundness of each component formally in Appendix.

This estimated graph estimated graph has a similar topology structure as the Semantics-based
Dependency Graph. It has the same vertices but approximated edges and weights. This graph is a
sound approximation of the quantitative dependency graph for a program c.

It is formally defined in Definition [24] as follows.

Definition 24 (Estimated Dependency Graph). Given a program c, with its abstract weighted control
Sflow graph absG(c) = (absV, absE) and feasible data flow relation £lowsTo(x', y/,¢) for every x*,y) €
LV(c), its estimated dependency graph is generated as follows,

Gest (€) = (Vest (€), Eest (€), West (€), Qest (€))
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Vertices Vest eLv ‘ x'€e I]_\/c}

xl',xZ'GV/\ElneN z', 2 €LVe . n=0A
flowsTo(x', z Le)A--- A flowsTo(z), ¥/, ¢)
(ch,w) e LV x Ajpy | xL €LV A (1, w) € absW(c)

(xl,m) € LV x {0, 1}‘x €lVen=1 < xleQVan=0 <= x eQV,.}

Weights West =

Directed Edges Eest = {(xl,xz)eLVxLV
Query Annotation Qest = {

The construction of the static analysis dependency graph is of great value of showing some useful
properties of the target program, such as dependency between variables, the execution upper bound
of a certain command, while the key novelty is our path searching algorithm, which connects all the
information we need in the static anlaysis dependency graph and provides us a sound over-estimation
of adaptivity.

4.5 Adaptivity Upper Bound Computation

This phase computes the adaptivity upper bound for a program c.

Based on ¢’s estimated dependency graph, Gest (c) approximated above, its adaptivity upper bound
is estimated as the length of the longest finite walk over WX (Gest (¢)) formally in Definition and
computed by Algorithm[I] WX (Gest (c)) represents the set of all finite walks on Gegt (¢). Different from
the finite walk on Girace(€), the x € WK (Gest (€)) doesn’t rely on the initial trace. The occurrence time
of every v; in k’s vertices sequence is bound by an arithmetic expression w; where (v;, w;) € Wegt (€)
is v;’s estimated weight. Then its query length 1en?(x) and the estimated adaptivity A.s¢ (c) are both
arithmetic expression as well. They are formally defined as follows.

Definition 25 (Finite Walk on estimated dependency graph (x)). .

Given a program c’s estimated dependency graph Gegt (€) = (Vs (), Eest (€), West (€), Qest (€)), a finite
walk k in Girace(C) is a sequence of edges (ey...en—1) for which there is a sequence of vertices
(v1,..., Un) such that:

* ¢; =(vi,Vi4+1) €EEest(C) for every 1 <i < n.
o every vertex Vi € Vegi (€), and (vi, w;) € Wt (C), Vi appears in (vy,...,Vy) at most w; times.
The length of k is the number of vertices in its vertex sequence, i.e., len(k) =

We abuse the notation WX (Gest () represents the walks over the estimated dependency graph for c.
Different from the walks on a program c’s semantics based graph, k € WX (Gyrace(€)), k € WK (Gest (€))
doesn’t rely on initial trace. The occurrence times of every v; in k’s vertex sequence is bound by an
arithmetic expression w; where (v;, w;) € Vegt (€), is v;’s estimated weight. The length of a finite walk
k € WK (Gest (€)) is an arithmetic expression as well, i.e., len(k) € A;;

Then the query length of a finite walk in Gegst (c) is an arithmetic expression as well as follows,

Definition 26 (Query Length of the Finite Walk on estimated dependency graph (1en?)). Given a
program c’s semantics-based dependency graph Gest(€) = (Vest (€), Eest (€), West (€),Qest (€)), and a
finite walk k € WK (Gest (), The query length of k, 1len?(k) € A;, is the number of vertices which
correspond to query variables in the vertices sequence of this walk k (vy,...,vy) as follows,

leni(k) =|(vIveE (v1,...,Un) AV EQest (O))I.

Definition 27 (estimated Adaptivity). Given a program c and its estimated dependency graph Gesy ()
the estimated adaptivity for c is

Aest(0) = max{lenq(k) | ke W:K(Gest(c))}
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Figure 5: (a) The simple k adaptivity rounds while loop example (b) The estimated dependency graph
generated from AdaptFun.

Based on the soundness of the estimated dependency graph, our estimated adaptivity is a sound
upper bound of its adaptivity in Definition T4}

Theorem 4.2 (Soundness of AdaptFun). For every program c, its estimated adaptivity is a sound
upper bound of its adaptivity.

V1o €To(c), v EN® . (Aest (€),T0) Je v = A(0)(Tg) <¢

The proof is in Appendix [B] To compute Aesy (c) accurately and soundly, we develop an adaptivity
computation algorithm named AdaptSearch. It combines the depth first search and breath first search
strategies and computes a sound upper bound on At (¢). AdaptSearch also involves another algorithm
AdaptSearchg in[2|recursively, which finds the longest walk for a strong connected component (SCC)
(SCC is the maximal strongly connected subgraph) of Ges (c). Theorem 4.3 below formally describes
the soundness of this algorithm with proof in Appendix [E]

Theorem 4.3 (Soundness of AdaptSearch). For every program c, we have
AdaptSearch(Gest (€)) = Aest ().

By Definition the key point is to find the walks in the estimated dependency graph. We first
discuss two challenges when we try to find the walks, and then show that how we solve them using our
algorithms.

Non-Termination Challenge: One naive walk finding method is to simply traverse on this graph
and decrease the weight of every node by one after every visiting. However, this simple traversing
strategy leads to non-termination dilemma for most programs which we are interested in. Because the
weight of each vertex in a program’s estimated dependency graph, which is an arithmetic expression
containing input variables. In this sense, the simple traversing could never terminate when domain
of the input variables isn’t finite. However, it is very common that the domain of program’s input
variables is infinite such as natural number N, real number R, or etc. As the simple while loop example
program in Figure [5| with k adaptivity rounds, the input variable k has domain N. If we traverse on the
estimated dependency graph, and decrease the weight of x> (the weight k is symbolic) by one after
every visit, we will never terminate because we only know k € N.

To solve this non-termination challenge, we switch to another walk finding approach: finding the
longest path in the estimated dependency graph via depth first search and then use this path as the
estimated longest walk. Through a simple depth first search algorithm, we find the longest weighted
path as the dotted arrow in Figure c), x3: ’f —x!: { Then, by summing up the weights on this path
where the vertices have query annotations 1, depth first search algorithm gives the adaptivity bound k.
This is a tight bound for this simple k adaptivity rounds example program.

Approximation Challenge: However, this naive approximation via depth first searching over-
approximates the adaptivity rounds largely in many cases. It computes co adaptivity upper bound for
our twoRounds example program in Figure[2] which has only 2 adaptivity rounds. More specifically,
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the depth first searching finds the longest weighted path, x*: ¥ — a®:% — 1°:1. Then, it computes the
weighted length, 1+ k. If we use this path to approximate the longest finite walk, and weight of each
vertex as its visiting time, then we have a walk, x3 — --- — x*> — a® — --- — a® — 8. However, this
isn’t a qualified walk by our Definition Because [° has weight 1, it can only be visited as most
once. In this sense, x° is only able to be visited at most once as well, because the only way to re-visit
x3 is through 18 — a@® — x3. Contradictory, x> is visited k times in this approximated walk. As a result,
the weighted length of this path is 1 + k, which over approximates this two rounds example program’s
adaptivity rounds, which is supposed to be 2.

Adaptivity Computation Algorithm To this end, we combine the depth first search and breath first
search strategies in our longest walk estimation algorithm. Our algorithm reduces the task of computing
the longest walk into the computation of local adaptivity and the composition of local adaptivity into
global adaptivity. We exploit the structure of the estimated dependency graph Ges: (c) for a program
c: 1). Partitioning the PDG of programs into its strongly connected components (SCCs) (SCCs are
maximal strongly connected subgraphs). 2). Then, for each SCC, we compute an adaptivity bound
3). In the last, we compose these local bounds to an overall adaptivity bound. AdaptSearch(c, Gest (€))
algorithm in Algorithm [I]arranges the estimated dependency graph Gest (¢) into SCCs (SCCy, -+ ,SCCy)
and obtains the adaptivity local bound of each SCC from AdaptSearchgec(c,SCC;) algorithm in
Algorithm 2] Then AdaptSearch shrinks the estimated dependency graph into a directed acyclic graph
(DAG) by reducing each SCC into a vertex with the weight equal to its adaptivity local bound. In this
way, it simply computes the length of the longest path over this DAG.

Algorithm 1 Adaptivity Computation Algorithm (AdaptSearch(c,Gest(c)))

Require: The program c, Its estimated dependency graph: Gest(c) = (V,E,W,Q)
1: init
q: empty queue.
adapt : the adaptivity of this graph initialize with 0.

2: Find all Strong Connected Components (SCC) in G: SCCy,--+,3CC,,0<n <|V|,
3: for every SCC: SCC;, compute its Adaptivity SCC;:
4:  adaptscc[SCCi] = AdaptSearch,..(c,SCC;);
5: for every SCCj:
6: g.append(SCC;);
7: adaptig, =0;
8: while g isn’t empty:
9: s = g.pop(); #{take the top SCC from head of queue}
10: adaptinp, = adaptimp; #{record the adaptivity of last level }
11: SCCpax; #{record the SCC with longest walk in this level }
12: for every different SCC, s’ connected by s by a directed edge from s:
13: if (adaptinp < adaptimp, +adaptsccls’]):
14: adaptinp = adaptimp, +adaptsccls’];
15: SCCpax = s'; #{update the SCC with the longest walk in this level }
16: g.append(SCCpax);

17: adapt = max(adapt, adaptimp);
18: return adapt.
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The Adaptivity Computation Algorithm (AdaptSearch(c,Gest(€))) At Line:3, this algorithm first
finds all the SCCs of Gest(c), SCCyq,---,SCC, where 0 < n < [V| by the standard Kosaraju’s algorithm,
where each SCC; = (V;,E;,W;,Q;). Then, it computes the adaptivity local bound on every SCC; in
line:4-5 by AdaptSearchg:(c,SCC;). We guarantee the soundness of the adaptivity local bound on
an SCC by Lemma [E.T| with formal proof in Appendix [E] The Geg (c) is then shrunk into a directed
acyclic graph where SCCy,---,SCC, are all the vertices and the adaptivity local bounds are their weights.
There is an edge s; — s; in this shrank graph, as long as we can find an edge v; — v; € E¢s¢(c) such
that v; € V;, vj € V; and i # j. Then, we use the standard breath first search strategy to find the longest
weighted path on this DAG and return this length as the adaptivity upper bound.

We guarantee that the length of this longest weighted path is a sound computation of the adaptivity
for program ¢ and this longest weighted path is a sound computation of the finite walk having the
longest query length on ¢’s estimated dependency graph in Theorem [E.T|in Appendix [E] If a program
¢’s estimated dependency graph Gest () is a DAG, then we prove that the adaptivity upper bound by
Algorithm I]is tight formally in Theorem [F.I]in Appendix [F]

Adaptivity Computation Algorithm on An SCC (AdaptSearch,..(c,SCC;)) This algorithm takes
the program, and an SCC (a subgraph), SCC; of a program’s estimated dependency graph Gest (c) as
input and outputs the adaptivity local bound of SCC;. For an SCC containing only one vertex without
any edge, it returns the query annotation of this vertex as adaptivity. For SCC containing at least one
edge, there are three steps in this algorithm: 1. It first collects all the paths in the input SCC 2. Then
it calculates the adaptivity of every path by a novel adaptivity computation method. 3. The maximal
adaptivity among over all paths is the adaptivity of this SCC in the end. Because the input graph is
SCC, when the algorithm starts to traverse from a vertex, it finally goes back to the same vertex. In this
sense, the paths collected in step 1 are all simple cycles with the same starting and ending vertex. The
most interesting part is step 2. It recursively computes the adaptivity upper bound on the fly of paths
collecting through a depth first search procedure dfs from line: 5-15. It designs a novel adaptivity
computation method, which guarantees the visiting times of each vertex by its weight and addresses
the Approximation Challenge. The guarantee is achieved by two special parameters flowcapacity
and querynum and the updating operations in line:7 and line:10.

» flowcapacity is a list of arithmetic expression A;,. It tracks the minimum weight along the
path during the searching procedure. For each vertex, it updates the minimum weight when the
path reaches that vertex with oo as the initial value.

* querynum is a list of integer initialized by query annotation Q;(v) for every vertex. It tracks the
total number of vertices with query annotation 1 along the path.

* The updating operation during the traversal (line: 7) and at the end of the traverse (line: 10)
is flowcapacity(v] x querynum[v]. Because querynum(v] is the # of the vertices with query
annotation 1 and flowcapacity[v] is the minimum weight over this path, this number is the
accurate query length of this path. It guarantees the visiting times of each vertex on the path
reaching a vertex v is no more than the maximum visiting times it can be on a qualified walk by
flowcapacity[v], and in the same time compute the query length instead of weighted length
through querynum[v].

In this way, we resolve the Approximation Challenge without losing the soundness, formally in
Appendix [El This step also guarantees the termination through a boolean list, visited in line:7 and
line:13.
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Algorithm 2 Adaptivity Computation Algorithm on An SCC (AdaptSearchg..(c,SCC;))

Require: The program c, An strong connected component of Gegt (¢): SCC; = (V;,E;,W;,Q;)
1: init
Tsce: Ain, initialized 0, the Adaptivity of this SCC
2: init
visited: {0,1} List,
#{length |V;|, initialize with 0 for every vertex, recording whether a vertex is visited. }
r: Aj;q List,
#{length |V;|, initialize with Q(v) for every vertex, recording the adaptivity reaching each
vertex. }
flowcapacity: Aip List,
#{length |V|, initialize with oo for every vertex, recording the minimum weight when the walk
reaching that vertex, inside a cycle}
querynum: INT List,
#{length |V], initialize with Q(v) for every vertex, recording the query numbers when the path
reaching that vertex, inside a cycle}
3: if |[V;| =1 and |E;| =0:
4: return Q(v)
5. def dfs(G,s,visited):
6: for every vertex v connected by a directed edge from s:
7 if visited[v] = false:
8 flowcapacity[v] = min(W;(v),flowcapacityls]);
9 querynum[v] = querynum[s] + Q; (v);

10: r[v] = max(r[v],flowcapacity[v] x querynum([v]);

11: visited[v] =1;

12: dfs(G,v,visited);

13: else: #{There is a cycle finished }

14: r[v] = max(r[v],r[s] + min(W; (v),flowcapacityl[s]) * (querynum[s] + Qi (v)));

#{update the length of the longest walk reaching this vertex on this cycle}
15: return r(c]
16: for every vertex v in V;:
17: initialize the visited,r,flowcapacity,querynum with the same value at line:2.
18: Tsce = MaX(rgee,dfs(SCCy, v, visited));
19: return rg..
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Algorithm Detail Steps The detail steps of dfs from line: 2-15 in Algorithm [2]is described as
follows.

Line:2 initialize parameters:

1. flowcapacity is a list of arithmetic expressions with length |Q;(c)| and the initial value oo for
every element. For every vertex, it records the minimum weight when the path traverses to this vertex.

2. querynun is a list of integer with length |V;(c)| and the initial value Q; (v) for every element. For
every vertex, it records the total query numbers when the path traverses to this vertex.

3. The visited is initialized by 0 for every element and has length Vst (c);| as well. It is used to
guarantee the termination during recursion.

4. r is a list of A;, initialized with query annotation for each vertex. For each vertex, it maintains
the longest query length when the recursion reaches it.

Line:7-12 updates the parameters and recursively traverses for every unvisited vertex head-
ing out from v. In each recursion, Line:8 maintains the minimum weight for the flowcapacity
and Line:9 updates the number of query vertices querynum so far when the traversing reaches v.
Line:10 updates the longest query length r alone the path when the traverse arrives vertex v by
flowcapacity[v] x querynum[v]. This computation guarantees: 1. The visiting times of each vertex
on the walk reaching v is no more than the maximum visiting it can be on this walk; 2. Only the
vertices have annotation 1 are counted in adaptivity. In this way, we accurately approximate a walk
using this path and computes the query length of this walk safely. This addresses the Approximation
Challenge and in the same time without losing the soundness.

At line: 14, if this vertex v is visited, i.e., the traverse of this path goes back to its starting point,
we only update the longest query length r[v] for v in the same way as Line:11. However, we do not
update querynum and flowcapacity in this case. This improves the accuracy and still guarantees the
soundness. The soundness is formally proved in Lemma[E.T|in Appendix [E] We also discuss how these
computations guarantee the soundness and improves the accuracy in the following example.

Example The example program in Figure [f]illustrates how these special operations computes ac-
curate and sound adaptivity for the program. AdaptSearch first find the SCC contains vertices y° and x,
SCC = (V,E) where V = {yG,xg} andE = {(yG, yG), (x?, x9), (xg,yG), (y6, x9)}. Then AdaptSearchgq(SCC,nestedW)
takes this SCC as input. When start from vertex y°, it first finds the path y® — y5. By updating parame-
ters through Line:10 and 14, it computes the longest query length for this path as k. As highlighted in
Line:14, we do not update querynum and flowcapacity when we identify the simple cycle y° — 5.
This improves the accuracy and still guarantees the soundness. Because in the following recursions, we
continuously search for walks heading out from y°, the flowcapacity of this simple cycle does not
restrict the walks going out of this vertex that do not interleave with the cycle y® — y5. However, if we
keep updating the minimum weight, then we restrict the visiting times of vertices on a walk by using
the minimum weight of vertices that do not on this walk. This leads to the unsoundness in computing
adpativity. Concretely, if we update the flowcapacity[y®] as k after visiting y® the second time
on this walk, and continuously visit x?, then the flowcapacity[k] is updated as min(k, k?). So the
visiting times of x° is restricted by k on the walk y® — 35 — x°. This restriction excludes the finite
walk 3% — y® — x9 — x9 where y% and x° visited by k? times in the computation. However, the finite
walk y® — 35 — x% — x% where y° is visited k times and x° k? times is a qualified walk, and exactly
the longest walk we aim to find. So, by Non-updating the flowcapacity after visiting y again, we
guarantee that the visiting times of vertices on every searched walk will not be restricted by weights
not on this walk, i.e., the soundness. Line: 15 returns the adaptivity heading out from its input vertex.
Line:16-18 applies dfs on every vertex of this SCC and computes the adaptivity of this SCC by taking
the maximum value.The soundness is formally guaranteed in Lemma in Appendix
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nestedW(k) £

[i — k1% [x — query(y[OD]"; [y — query(x[1])]
while [i>0]% do

([i —i-11%[j < k]% [y — query(y(n(x) + )%
while [j>0]" do 0.
([j —j- 1]8; [x — query(y(n(y)) +)([x])]9))
() (b)
Figure 6: (a) The nested while loop example, (b) The estimated dependency graph generated from
AdaptFun.

2-
)

Algorithm 3 Over-Approximated Adaptivity on SCC

Require: G = (V,E,W,Q) #{An Strong Connected Symbolic Weighted Directed Graph}
1: AdaptSearch
2: init

Tscc: the Adaptivity of this SCC
3: for every vertex v in V:
4: Tscet =W() * Q(v)
5: return rc]

scc—naive (G) :

Theorem 4.4 (Soundness of AdaptSearch). For every program c, given its estimated dependency

graph Gest,
AdaptSearch(Gest) = Acst (Gest)-

5 Examples and Experimental Results

We present four examples, illustrating AdaptFun. Then we show our implementation of AdaptFun
and its experimental results on 18 examples including these four examples.

5.1 Examples

Example 5.1 (Multiple Rounds Algorithm). We look at an advanced adaptive data analysis algorithm
- multipleRounds algorithm in Figure[/{a). This is a simplified version of the Monitor Augment
Sfrom [4|] with complete program in Appendix. It takes the user input k which decides the number
of iterations. It starts from an initialized empty tracking list I, goes k rounds and at every round,
tracking list I is updated by a query result of query(x[I]). After r rounds, the algorithm returns the
columns of the hidden database D not specified in the tracking list 1. The functions updnscore(p, a),
updcscore(p, a), update(l, ns, cs) simplify the computations of updating ns, cs and 1.

Different from twoRounds (k) in Figure the query request, |a — query(I )]6 in each loop iteration
is not independent. query(I) in each iteration depends on the tracking list I from all the previous
iterations, and I is updated by all the query results in the previous iterations as well. In this sense, all
these k queries are adaptively chosen according to our discussion in overview. The program-based
dependency graph is presented in Figure [/{b). We omitted its execution-based dependency graph
GiracemultipleRounds(k)) because they have the same graph topology and only differ in weights.
For each vertex v in Gegt (multipleRounds(k)) in Figure Efb ), we use w, to denote its weight function
in Gyrace(MultipleRounds(k)).
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multipleRounds(k) £
[j— k%~

(ns — 0]%;[cs — 0]3;
while [j>0]* do

([ =i =11% [a — query()]
7-

6.
)

[ns — updnscore(ns, a)]
[cs — updcscore(cs, a)]®;
[I —updI(l,ns, cs)]g)

(a)

1Rk, 1) £

[a—01%[c—0%[j — k%

while [j>0]® do

(lda — query(-2+ (x11 - (x10] x a+ ) x (xloD)]; O
[dc — query (-2 = (y[1] - (x[0] x a+ C)))]S; c-
l[a—a-r+dal®[c—c-r*dc]’;

= i-11%): a’:

(a) (b)
Figure 8: (a) The linear regression algorithm (b) The estimated dependency graph by AdaptFun

As the adaptivity definition in our formal adaptivity model in Definition there is a finite walk
along the dashed arrows, a® — I > ns” — --- > ns’ , where the vertices ab, I° and ns’ are visited
W4 (T0), wye(to) and w, s (o) times respectively with input To. The vertex a® has query annotation
1, and it is visited w s (1) times. In this sense, the adaptivity of this program is w,s(T) given input
To, i.e., AmultipleRounds(k))(1g) = wys(To). Since wqs(To) counts the execution times of command
[a — query([)]ﬁ;, this count is at most the loop iteration numbers, i.e., k’s initial value, p(19)k
from the initial trace to.  Next, we show that AdaptFun provides a tight upper bound for this
example by AdaptSearch(multipleRounds(k)). It first finds a path on Gest(multipleRounds(k))
ab: ’1‘ —19: ’0‘ — ns’: X with three weighted vertices. Then AdaptSearch approximates this path to a
walk a® {C BNy :(])C —ns’: ’OC —ab: ’f In this walk, a®,1°,ns” are all visited k times respectively.
So Aest (multipleRounds(k)) = k. We know for any initial trace T, {To, k) Je p(10) So we guarantee
A(multipleRounds(k))(to) < p(to) for any 19 and k is a sound bound.

Example 5.2 (Linear Regression Algorithm with Gradient Decent Optimization). The linear regression
algorithm with gradient decent Optimization works well in our AdaptFun as well. It computes
A.s:(AR(k, 1)) = k.

This linear regression algorithm aims to find a linear relationship, y = a x x+ ¢ between a dependent
variable y and an independent variable x, by approximating the model parameter a and c. In order
to have a good approximation on the model parameter a and c, it sends query to a training data
set adaptively in each iteration. This training data set contains two columns (can extend to higher
dimensional data sets), the first column contains the observed values of the independent variable x and
the second column for the dependent variable y. 1R(k,r) is the program of this example written in our
language model in Figure[I2[(a) with input variables k and r.
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1R(k,r) starts from initializing the linear model parameters and the counter variable in commands
0,1,2, and then goes into the while iterations. In each iteration, it computes the differential value
w.r.t. parameter a and c, through two query requests, query(—2 = (y[1] — (x[0] x a+ ¢)) x (x[0])) and
query(—2=* (y[1] — (x[0] x a+ ¢))) in commands of label 4 and 5. Then, it uses these two differential
values stored in variables da and dc to update the model parameters a and c. In this sense, the
two query requests in each iteration depends on queries in the previous iterations and the intuitive
adaptivity rounds is k. Its program-based dependency graph, Gest (1R(k,r)) is shown in Figure [12b),
and Ggrace (1R(k, 1)) is omitted for the same reason as Example[5.1] In Figure[I2[b), we omit the
edges which are constructed by the transition of flowsTo relation for concise, but these edges exist
in Girace (1R(k, r)) because they can be constructed directly by DEP,,, relation. Given an input 7,
there are multiple walks having the same longest query length in Girace (1R(k,T)), such as the walks
¢’ —-dc®:—c" —--—dcd®and a® — da* — a® — --- — da* along the dotted arrows. The vertices
c’,dc®, ab, da* in the two walks are visited Wer, Wyes, Was, Wy s respectively. Though the different
weight functions count the execution times of the different corresponding command, the counts are
expected to be the same number, i.e., the loop iterations. And the loop iterations are indeed the initial
value of input k from initial trace 7. In this sense, A(LR(k, 1)) (7o) = Wy (To) = Wyae (To). Similar to
Example AdaptFun estimates the tight adaptivity bound, k for this example.

Example 5.3 (Multiple Rounds Odds Algorithm). The AdaptFun comes across an over-approximation
due to its path-insensitive nature. It occurs when the control flow can be decided in a particular
way in front of conditional branches, while the static analysis fails to witness. As in Figure [ a),
multiRounds0(k) is an example program with 1+ k adaptivity rounds and two paths while loop. In
each iteration, the query [y — query()([x])]5 and [p — query()([x])]6 are based on previous query
results stored in x, which is similar to Example The difference is that, only the query answer from
[y— query()([x])]5 in the first branch is used in the query in command 7, query(y(In(y)]), and the
first branch is only executed in even iterations (i =0,2,---). From the Semantics-based dependency
graph in Figure @kb ), the weight ws(T) for the vertex y° will count the precise evaluation times of

[y— query()([x])]s, i.e., half of the iteration numbers. This number is expected to be half of the initial
value of input k from 19. However, AdaptFun fails to realize that all the odd iterations only execute
the first branch and only even iterations execute the second branch. So it considers both branches for
every iteration when estimating the adaptivity. In this sense, the weight estimated for y° and p® are
both k as in FigureEYc). As a result, AdaptFun computes y° — x" — y°> — -+ — x as the longest
walk in Figure @c where each vertex is visited k times. In this sense, the estimated adaptivity is
142« k, instead of 1 + k.

Example 5.4 (Over-Defined Adaptivtiy Example). The program’s adaptivity definition in our formal
model, (in Definition comes across an over-approximation on capturing the program’s intuitive
adaptivity rounds. It is resulted from the difference between its weight calculation and the variable
may-dependency definition. It occurs when the weight is computed over the traces different from the
traces used in witnessing the variable may-dependency relation.

The program multiRoundsS(k) in Figure[I0(a) demonstrates this over-approximation. It is a
variant of the multiple rounds strategy with input k. In each iteration the query query(x[yl+ p) in
command 7 is based on previous query results stored in p and y Differ from Example only the
query answer from the one iteration, the (k—2)'" one is used in query request [p — query(x[y] + p)]7.
Because the execution will reset p’s value by the constant 0 in all the other iterations at line 10 after this

! Again, we omit the edges which are constructed by the transition of £1owsTo relation for concise, but these edges exist
in Ggrace (multiRounds0(k)) because they can be constructed directly by DEPy 4y relation.
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multiRounds0(k) £ y5 . f/@ jO . h

[j = k1% [x — query(xion]’; 7 I

while [j>0]24d° ([j‘—j—l]s? 6‘fk/2“"

if ([j%2==0]", L

[y — query(x[x]”, [p — query(r[x3)"); ;":

[xhquery(x(ln(y)))ﬁ) 357:fk
(a)

(b)
Figure 9: (a) The multiple rounds odd example (b) The semantics-based dependency graph (c) The

estimated dependency graph from AdaptFun.

multiRoundsS(k)

[i —0]% [z — query©]"; [p — 0]

if ([k=0]3, [y query(z)]4, [skip]s);
while [j#k]® do

(Ip = aueryxiy1+ s — j+1]°
if ([ #k-2]% [p—0]"", [skip] '),

w w10 . w:s
(a)

(b)

Figure 10: (a) The multi rounds single example (b) The semantics-based dependency graph.

query request. In this way, all the query answers stored in p is erased and isn’t used in the query request
at next iteration, except the one at the (k — 2)th iteration. In this sense, the intuitive adaptivity rounds
for this example is 2. However, our adaptivity definition fails to realize that there is only dependency
relation between p” and p’ in one single iteration, but not in all the others. As shown in the semantics-
based dependency graph in Figure b ), there is an edge from p” to itself representing the existence
of Variable May-Dependency from p’ on itself. and the visiting times of labeled variable p” is w(ty).
w(to) will count the execution times of command [p —query(ylyl + p)]7 during execution, which is
expected to be equal to the loop iteration numbers, i.e., initial value of input k from the initial trace
0. As a result, the walk with the longest query length is p” — --- — p’ — y* — z! with the vertex p’
visited w7 (70), as the dotted arrows. The adaptivity based on this walk is 2 + w7 (70), instead of 2.
Though the AdaptFun is able to give us 2 + k, as an accurate bound w.r.t this definition. x

5.2 Implementation Results

We implemented AdaptFun as a tool which takes a labeled command as input and outputs two upper
bounds on the program adaptivity and the number of query requests respectively. This implementation
consists of an abstract control flow graph generation, edge estimation (as presented in Section4.3.2)),
and weight estimation (as presented in Section in Ocaml, and the adaptivity computation
algorithm shown in Sectiond.5]in Python. The OCaml program takes the labeled command as input
and outputs the program-based dependency graph and the abstract transition graph, feeds into the
python program and the python program provides the adaptivity upper bound and the query number as
the final output.
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We evaluated this implementation on 23 example programs with the evaluation results shown
in Table 2| In this table, the first column is the name of each program. For each program c, the
second column is its intuitive adaptivity rounds, the third column is the output of the AdaptFun
implementation, which consists of two expressions. The first one is the upper bound for adaptivity and
the second one is the upper bound for the total number of query requests in the program. And the last
column is the performance evaluation w.r.t. the program size.

The last column is the performance evaluation. The time contains three parts. The first part is the
running time of the Ocaml code, which parses the program and generates the Gest(c). The second
and third parts are the running times of the reachability bound analysis algorithm and the adaptivity
computation algorithm, AdaptSearch(c).

The first 5 programs are adapted from real world data analysis algorithms. The first two programs
twoRounds(k), multiRounds(k) are the same as Figure [2{a) and Figure[7(a). AdaptFun computes
tight adaptivity bound for the first 3. For the forth program multiRounds0(k), AdaptFun outputs
an over-approximated upper bound 1 + 2 * k for the A(c), which is consistent with our expectation as
discussed in Example[5.3] The fifth program is the evaluation results for the example in Example [5.4]
where AdaptFun outputs the tight bound for A(c) but A(c) is a loose definition of the program’s actual
adaptivity rounds.

The programs from Tab. [2]line:6-17 all have small size but complex structures, to test the programs
under different situations including data, control dependency, the multiple paths nested loop with
related counters, etc. Both implementations compute the tight bound for examples in line:6-14
and over-approximate the adaptivities for 15" and 16" due to path-insensitivity. For the 17" one,
implementation I gives tight bound bound while II gives loose bound, so we keep both implementations.

The last six programs are composed of some programs above in order to test the performance
limitation when the input program is large. From the evaluation results, the performance bottleneck
is the reachability bound analysis algorithm. By implementing the bound analysis algorithm in
Section @] (adapted from [6]), we are unable to evaluate the Jumbo in a reasonable time period.
Alternatively, we implement another light reachability bound analysis algorithm and compute the
adaptivity for jumboS, jumbo and big effectively.

Overall for these examples, our system gives both the accurate adaptivity definition and estimated
adaptivity upper bound through our formalization and analysis framework AdaptFun. The complete
programs are defined below from Example [5.5]to Example [H.14]in the Appendix [H
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Table 1: Experimental results of AdaptFun implementation

AdaptFun performance
ity

Program ¢ | - adaptivity AdaptSearch(c) (I 1 IT) ‘ query# (11 1) lines } o | “‘“‘{;,“e%g‘;]‘l“e (Se“f“d)A TesTSereh
twoRounds(k) | 2 21— k+1- 8 0.0005 | 0.001710.0002 0.0003
multiRounds(k) k k|max(1, k) k|- 10 0.0012 0.0017 10.0002 0.0002
1RGD(k,T) | K kimax(1, k) 2k 10 0.0015 | 0.007210.0002 0.0002
mROdd(k) | 1+k 2+ max(1,2k)|— 1+3kl— 10 0.0015 | 0.006110.0002 0.0002
mRSingle(®) | 2 1+ max(1, k)| 1+kl1+k 9 0.0011 | 0.007510.0002 0.0002
ifcp) | 3 3J4 3J4 5 0.0005 | 0.000310.0001 0.0001
while(®) | 1+k/2 1+max(1, k/2)|- 1+k/2- 7 0.0021 0.00151 0.0001 0.0001
whileRV(k) | 1+2k 1+2k|1+max(1,2k) 2+3k|- 9 0.0016 | 0.005610.0002 0.0001
whileVCD(k) | 1+2Qm Q+max(1,2Qm) | - 242Qm I- 6 0.0016 | 0.0007 10.0002 0.0001
whileMPVCD(k) | 2+Qm 24Qm |- 242Qm |- 9 0.0017 | 0.004310.0002 0.0001
nestWhileVD(k) | 2+k% 3+ k|- 1+k+ k2 |- 10 0.0018 | 0.012610.0002 0.0001
nestWhileRV(k) | 1+k-+ k2 2+ k+k2|- 2+ k+k2|- 10 0.0017 | 0.018610.0002 0.0001
nestWhileMV(k) | 1+2k 1+max(1,2k)|- 1+k+k2|- 10 0.0016 | 0.007110.0002 0.0001
nestWhileMPRV(K) | 1+ k+k2 3+k+k2|- 242k + k2 |- 10 0.019 0.0999 1 0.0002 0.0002
whileMk) | 1+k 2+ max(1,2k)|— 1+3k|- 9 0.0017 | 0.006210.0002 0.0001
whileM2(k) | 1+k 2+ k|- 1+3k|- 9 0.0017 | 0.006210.0002 0.0001
nestWhileRC(k) | 1+3k 1+3k[2+3k+ k2 1+3k[1+ k+ k2 11 0.019 0.2669 10.0002 0.0007
mRComplete(k,N) | k k- k- 27 0.0026 | 85.901710.0003 0.0004
mRCompose(k) | 2k 2kl 2kl 46 0.0036 5104 10.0003 0.0013
seqCompose(k) | 12 121- 326]- 502 | 0.0426 | 1.274310.0003 0.0223
tRCompose(k) | 2 «[2 #|1+5k+2k2 42 0.0026 *10.0003 0.0005
jumboS(k) | max(20,8+k?) *|max(20,6+ k + k2) «|44+ k+ k2 71 0.0035 #10.0003 0.0085
jumbo(®) | max(20,10+k+k%) | */max(20,12+k+k%) #286+26k+10k2 | 502 | 0.0691 #10.0009 0.018
bigk) | 22+k+kxk 128+ k + k2 #[121 + 11k + 4k2 214 | 00175 #10.0004 0.002

5.3 More Discussions on The Evaluated Examples

5.3.1 More on The Two Rounds Adaptive Data Analysis

Example 5.5 (Complete Two Rounds Algorithm).

la— %

. 2

[ —k]5

while [j>0]° do
([x<—query(x[k—j]-x[k])]
lj—i-1]%

[a—x: a]6);

. 7
[l — (sign(Xjep xlil xIn }f%}))]

4-
twoRounds (k) £ )

Algorithm 4 A two-round analyst strategy for random data (The example in [2]))

Require: Mechanism M with a hidden data set D € {—1, +1}"* %+ « DB,
for j € [k] do.
define g;(d) = d(j)-d(k) where d € {D(i) | i =0+, n} < {~1,+1}F*+1,
let a; =Mi(q;)
{In the line above, M computes approx. the exp. value of g; over D. So, a; € [-1,+1].}

define g;(d) = d(k)osign(zie[k] x(i)-In tgi) where x € {—1,+1}F+1,
+1 if y=20

{In the line above, sign(y) = { .}

—1 otherwise
let a1 = M(qg41)
{In the line above, M computes approx. the exp. value of gy, over X. So, aj41 € [-1,+1].}
return aj,.

Ensure: aj.q€[-1,+1]
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multiRounds(k,c,N) £
[j = N]%les — 014 [ns — 01331 — 01 [w — k1*;
while [j>0]° do
([j —j=1]%lcs —0+csl’;[ns —0+ ns]8);
while [w>0]° do
([w —w-11"%[p—c]";[g - c]"’;[a— query(y[1)
[i — N1'*; while [i >0]' do
([i — i —11'6; [es(i) — cs(i) + (a— p) * (g - p)]
if (1< i]'8, [ns(i) — ns(i) + (a—p) * (- p)] ", [ns — ns(i)]zo));
[i2 — N1*%;
while [i2>0]%? do
([iz — i2-11%; if ((ns(i2) > max(cs)?4, ([ — i + 125, (1 — 1]26)))

(@)

Figure 11: (a) The labeled program implementing the multiple round algorithm (b)The same program
in the SSA version

]13,

)

17,
)

5.3.2 mRComplete

Algorithm 5 A multi-round analyst strategy for random data base [2]

Example 5.6 (Complete Multiple Round Algorithm). Require: Mechanism M with a hidden state X € [N]"
sampled u.a.r., control set size ¢
Define control dataset C ={0,1,---,c—1}
Initialize Nscore(i) =0 for i€ [N], I =@ and Cscore(C(i)) =0 for i € [c]
for j € [k] do
let p =uniform(0,1)
define g(x) =bernoulli(p) .
define gc(x) =bernoulli(p) .
let a =M(q)
for i € [N] do
Nscore(i) = Nscore(i)+(a—p)*(q(i)—-p)ifi¢l
for i € [c] do
Cscore(C(i)) = Cscore(C(i))+ (a—p) * (qc(i) — p)
let I ={ili € [N] A Nscore(i) > max(Cscore)}
lete D=D\I
return D.

5.3.3 1RGD

Example 5.7 (Linear Regression Algorithm with Gradient Decent Optimization). The linear regression
algorithm with gradient decent Optimization works well in our AdaptFun as well. It computes
At (AR, 1)) = k.

This linear regression algorithm aims to find a linear relationship, y = a x x+ ¢ between a dependent
variable y and an independent variable x, by approximating the model parameter a and c¢. In order
to have a good approximation on the model parameter a and c, it sends query to a training data
set adaptively in each iteration. This training data set contains two columns (can extend to higher
dimensional data sets), the first column contains the observed values of the independent variable x and
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1Rk, 1) &

[a—01%[c—0%[j — k%

while [j>0]® do

([da — query (=2 (y[1] - (x10] x @+ ¢)) x (y[0))|*;
[dc — query (=2 # (y[1] - (x[0] x a+ 0)))]; c:
la— a—r*da]ﬁ;[c<—c—r*dc]7;

li—i-11°) a’:

(a) (b)
Figure 12: (a) The linear regression algorithm (b) The estimated dependency graph by AdaptFun

the second column for the dependent variable y. 1R(k,r) is the program of this example written in our
language model in Figure[I2[(a) with input variables k and r.

1R(k,r) starts from initializing the linear model parameters and the counter variable in commands
0,1,2, and then goes into the while iterations. In each iteration, it computes the differential value
w.r.t. parameter a and c, through two query requests, query(—2 = (y[1] — (x[0] x a+ ¢)) x (x[0])) and
query(—2=* (y[1] — (x[0] x a+ ¢))) in commands of label 4 and 5. Then, it uses these two differential
values stored in variables da and dc to update the model parameters a and c. In this sense, the
two query requests in each iteration depends on queries in the previous iterations and the intuitive
adaptivity rounds is k. Its program-based dependency graph, Gest (1R(k, 1)) is shown in Figure[12(b),
and Girace (1R(k, 1)) is omitted for the same reason as Example In Figure b), we omit the
edges which are constructed by the transition of £1lowsTo relation for concise, but these edges exist
in Ggrace (LR(k, 1)) because they can be constructed directly by DEP,,, relation. Given an input 7,
there are multiple walks having the same longest query length in Gyrace (1R(k,T)), such as the walks
c"—dc®:—c"—--—dc®and a® — da* — a® — --- — da* along the dotted arrows. The vertices
c’,dc®, a® da* in the two walks are visited w7, Wy, Wes, Wagqe respectively. Though the different
weight functions count the execution times of the different corresponding command, the counts are
expected to be the same number, i.e., the loop iterations. And the loop iterations are indeed the initial
value of input k from initial trace 7¢. In this sense, A(1R(k,1))(To) = Wye5(To) = Wyae (To). Similar to
Example AdaptFun estimates the tight adaptivity bound, k for this example.
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Appendices

A Proofs of Lemmas for the Language Model

A.1 Proof of Lemma [I.1]

Proof. This is proved directly by the consistency property of the command label. O

A.2 Proof of Lemma 2.1]

Proof. Taking arbitrary trace 7 € T, by induction on program c, we have the following cases:

case: ¢ =[x —e]’

By the evaluation rule assn, we have ([x — al, 7y — (skip,7:: (x,1,v,9)), for some v eN.
Picking 7’ =71 :: (x,1,v,9) and " = [(x, [, v, *)], it is obvious that 7++7" = 7',

This case is proved.

case: ¢ =[x «— query(u/)]l'
This case is proved in the same way as case: ¢ = [x — e]’.

case: while [b]'* doc
By the first rule applied to c, there are two cases:

sub-case: while-t

If the first rule applied to is while-t, we have

(while [b]'v do Cuw,T) — (Cy; while [b]' do Cu,T (b ly, true, o)) (1).

Let 7/, € T be the trace satisfying following execution:

(Coy T 22 (B, 1y, tTUE, *)) — (skip,7,)

By induction hypothesis on sub program c,, with starting trace 7 :: (b, [, true, ») and ending trace 7/,

we know there exist 7,, € T such that 7/, = 7:: (b, [y, true, ¢)+:7y.

Then we have the following execution continued from (1):

(while [b]' do Cw,T) — {Cy; while (bl do Cu, T (b1, true,e)) 2 (while [b]' do Cu,T (b ly,true, )T y) (2
By repeating the execution (1) and (2) until the program is evaluated into skip, with trace TZ, for
i=1,---,nn > 1 in each iteration, we know in the i — th iteration, there exists 7/, € T such that

TZ/ = T(ui,_l)’ (b, Ly, true, ) + +r‘;,

Then we have the following execution:

(while [b])™ do ¢y, T) — (Cw; While [b]™ do ¢y, T it (b, L, true, o)) 2> (while [b]' do cyp, 770y —WhilE-f

(skip,rﬁ,' = (b, {w,false,-)) and Tﬁ: =1:(b lw,true,-)++r,1” ieeen(by Ly, true, o) Tl
Picking 7/ = 1, :: (b, l, false, ) and " = [(b, [y, tTue, )]++T, -+ 11 (b, [y, true, )T, we have
T+4+7" =17,

This case is proved.

sub-case: while-f

If the first rule applied to ¢ is while-f, we have

(while [b]* do ¢y, T) _Wwhile-f (skip,7:: (b, Iy, false,e)), Inthis case, picking 7’ =7 :: (b, [, false, )
and 7”7 = [(b, I, false, )], it is obvious that T++7" =7’

This case is proved.

case: if ([bl', ¢, cr)
This case is proved in the same way as case: ¢ = while (b]! do c.
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case: ¢ = Cs1;Cs2
By the induction hypothesis on cs; and cg separately, we have this case proved. 0

A.3 Proof of Lemma[2.0.1

Proof. By unfolding the aq €.4 £, we have the following cases:

case: £ =[]
The hypothesis is false, this case is proved.

case: t=aq ::t'Aaq’ =,5aq
Let t; =[] and t, = ¢/, by unfolding the list concatenation operation, we have:

h++laql++n=[++laql++t' =t

Since aq’ =.q aq by the hypothesis, this case is proved.

case: t=aq 1 ' Aaq' #aqaq
By induction hypothesis on aq €.q ', we know:

A, t,,aq”. s.t., (aq=aqaqd)A L)+ +[aq" 1 ++t, =1

1 t2»aq q=aq2q 1 q 2

Let t; =aq’:: ] and t, = t}, by unfolding the list concatenation operation, we have:
n++lad’l++n=(aq =) ++laq’ | ++5=aq' =t' =1t

Since aq” =4 aq by the hypothesis, this case is proved. O

B Proof of Theorem 4.2

Theorem B.1 (Soundness of AdaptFun). For every program c, its estimated adaptivity is a sound
upper bound of its adaptivity.

V10 €Tp(c), v N . (Aest (€),T0) Je v = A(c)(T0) < ¢

Proof Summary:
construct the program-based graph Gest (€) = (Vest, Eest) West) Qest)
and trace-based graph Gtrace(c) = (Vtrace’ Etrace) wtracey Qtrace)
1. prove the one-on-one mapping from Vegt t0 Virace, in Lemma|B.1
2. prove the total map from Egrace t0 Eest, in Lemma[B.2}
3. prove that the weight of every vertex in Gyrace is bounded by the weight of the same vertex in Gest,
in Lemma|[B.3}
4. prove the one-on-one mapping from Qest t0 Qtrace, iN Lemma
5. show every walk in WX (Gyrace) is bounded by a walk in WK (Gest) of the same 1en<.
6. get the conclusion that A(c) is bounded by the Acgt(C).

Proof. Given a program c, we construct its
program-based graph Gegt (¢) = (Vest, Eest, West, Qest) by Definition
and trace-based graph Girace(€) = (Viraces Etrace Werace) Qtrace) by Definition @
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The parameter (c) for the components in the two graphs are omitted for concise.
According to the Definition [27)and Definition [14] it is sufficient to show:

V7 eT . (max{len?(k) | k€ WK(Gest(c))},7) Ue n = n=max{lend(k)(1) | k € WK(Gerace ()}
Then it is sufficient to show that:
Vk; € WK (Gerace(€), Ikp € WK (Gest () . VT €T . 1en(kp), T Je n = n =1len?(k(1))

Let ks € WK (Girace (€)) be an arbitrary walk in Grace(€), and 7 € T be arbitrary trace.
Then, let (ep1,---,epn-1)) and (vy,---, vy) be the edges and vertices sequence for k(7).
By Lemma B.I]and Lemma B.2] we know

Ve;€k:.ei=(v;,viy1) = Fep; . epi = (Ui, Vit1) Aepi € Eesy

Then we construct a walk k, with an edge sequence (ep1,:--,epn-1)) With a vertices sequence
(v1,--+, vn) where ep; = (V;, Vi+1) € Eegy for all ep; € (ep1,-++, €pn-1))-
Let n € N such that (1en(ky), 7) |, n, then, it is sufficient to show

kp € Gest (¢) An=1en(k,)(7)
To show kj € Gest (), by Deﬁnition@ for finite walk, we know
Vi€ (v, -+, vn), (Vi Wi) € Werace(€) . visit((vy,---, vpn), (V1)) = wi(7)
By Lemma B.3] we know for every
Vv € (1, , Vn), (Vi Wi) €West (€), ni EN . (W;, T) e 1y = w;i(7) < 1 (%)

Then, by Definition @ we know the occurrence times for every v; € (vy,--+,vy) is bound by the
arithmetic expression w; where (v;, w;) € West (C).

So we have kj, € WK (Gest) proved.

In order to show n = 1en?(k;) (1), it is sufficient to show

Yvi € (v1,++, Vn), (Ui, Wi) € West (€), (i, W) € Werace (€), mi €N (w;, T) Y 1
= Yy wi(r) < Yy n;
Qtrace () (v7)=1 Qest () (v;)=1

By Lemma [B.4] and Definition [26] we know for every v;, Qcrace (€) (V) = Qest (€) (V)

Then by (%), we know Yy wi(1) < 3 n;.
Qtrace(c)(vi)zl Qest(c)(vi)zl
Then we have n > len%(k;)(t) proved.

This theorem is proved. O

The following are the four lemmas used above, showing the correspondence properties between
the program based graph and trace based graph.

Lemma B.1 (One-on-One Mapping of vertices from Girace t0 Gest). Given a program c with its
program-based graph Gest (¢) = (Vest, Eest, West, Qest) and trace-based graph Gyrace (€) = (Virace) Etrace, Werace, Qerace),
then for every v e VAR x N, v € Vgt if and only if V € Girace.

VceC,ve VAR XN . Gest (€) = (Vest, Eest, West) Qest) A Girace (€) = (Virace) Etrace Werace) Qtrace)
= VE Vet < VE Virace
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Proof. Proof Summary: Proving by Definition 24] and Definition 8]

Taking arbitrary program c, by Definition 24 and Definition 8] we have

its program-based graph Gest (¢) = (Vest, Eest, West, Qest)

and trace-based graph Gtrace(c) = (Vtracev Etracer wtracer Qtrace)-

By the two definitions, we also know Viyace =LV, and Vg =LV,.

Then we know Viyace = Vest, 1.€., for arbitrary v € VAR x N, v € Vogy <= U € Virace. ]

Lemma B.2 (Mapping from Egdes of Gtrace t0 Gest). Given a program c with its program-based graph

Gest (€) = (Vest, Eest) West, Qest) and trace-based graph Girace (€) = (Virace, Etrace) Werace) Qtrace), then
for every e = (v1, 1) € Etrace, there exists an edge €' = (v}, V) € Eegy With v = V] A Vs = V).

Vce e . Gest(c) = (VestyEest’westy Qest) A Gtrace (C) = (Vtrace»Etrace,wtrace) Qtrace)
— Ve=(v1,V2) €Etrace - Je' e Eest - e = (v1,v2)

Proof. Proof Summary: Proving by Lemma [B.T| Lemma [C.T| Definition 24 and Definition [§]

Taking arbitrary program c, by Definition 24 and Definition 8] we have

its program-based graph Gest (€) = (Vest, Eest, West) Qest)

and trace'based graph Gtrace(c) = (Vtracev Etrace) wtrace» Qtrace)-

Taking arbitrary edge e = (xt, yj ) € Etrace, it is sufficient to show (x, yj ) € Eost.-

By Lemma , we know x/, yj € Vest-

By definition of E¢yace, We know DEP., (%, yj ,C).

By Theorem weknow IneN, z;',-++, 2" €LV,. n=0AflowsTo(x', 2!, c)A---AflowsTo(z,", ¥/, c).
Then by definition of Eeg¢, we know (x?, /) € Ees¢. This Lemma is proved. ]

Lemma B.3 (Weights are bounded). Given a program c with its program-based graph Gesy(c) =

(Vest)Eest)West, Qest) and trace-based graph Girace (€) = (Virace) Etraces Werace) Qtrace), for every v e
Vtracey there iS VE Vest and wtrace(v) = west(v)-

Vc€eC. Gest(€) = (Vest, Eest) West) Qest) A Gerace (€) = (Veraces Etraces Werace) Qerace)
= V(x}, wy) € Werace, (1, wp) EWest, T, T €T, VEN.. (Wp, ) Je v = wyi(T) sV

Proof. Proof Summary: Proving by Definition 24] Definition [§] and relying on the soundness of
Reachability Bound Analysis.

Taking arbitrary program c, by Definition [24] and Definition 8] we have

its program-based graph Gest (€) = (Vest, Eest) West) Qest)

and trace'based graph Gtrace(c) = (Vtrace’ Etrace) wtrace) Cltrace)-

Taking arbitrary (x!, W) € Werace, (x!, Wp) € West, T, 7' € T, satisfying:

(¢, T) =" (skip, T++T') Adwp, T) e v

By soundness of reachability bound analysis in Theorem we know cnt(t/, ) < v

By deﬁnition we know w; (1) = cnt(7’, ), then we have w,(7) < v and this is proved. O

Lemma B.4 (One-on-One Mapping for Query Vertices). Given a program c¢ with its program-based

g”aph Gest(0) = (Vest) Eest,West, Qest) and t(ace-based gmph Gerace(€) = thrace» EtracerWeraces Qtrace)
then for every (x',n) e VAR x N x {0,1}, (x*, n) € Qerace if and only if (x*, n) € Qest.

Vee @, (xi,n) e VAR xNx {0,1} .

Gest (€) = (Vest)Eest) West) Qgst) A Girace(€) = (Viraces Etrace) Werace, Qtrace)
= (x', 1) € Qerace < (X', 1) € Qest
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Proof. Proving by Definition [24] Definition [§]

Taking arbitrary program c, by Definition 24 and Definition 8] we have

its program-based graph Gest (¢) = (Vest, Eest, West, Qest)

and trace—based graph Gtrace(c) = (Vtracev Etracer wtracer Qtrace)- )

By the two definitions, we also know Qtrace = Qest, 1.€., for arbitrary (x!,n) € VAR x N x {0, 1},
(xi; n) € Qirace < (xi, n) € Qest.

This lemma is proved. |
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C Soundness of Edge Estimation

C.1 Main Theorem

Theorem C.1 (DEP,,, implies flowsTo). Given a program c, for all xt yj eLV,, ifDEP\,ar(xi, yj, c),

then there exist z;',-+-, 2" € LV, with n'= 0 such that flowsTo(x, z',¢) A--- AflousTo(z,", yl, c)

Vi, y/ € LV..DEP,, (x, 37, ¢)
— (Elne N,z 2l €LV, . n> OAflowsTo(xi,zfl,c) /\---/\flowsTo(z;,”,yj,c))

Proof Summary, for arbitrary two x’, y/ € LV, with Variable May-Dependency relation, in order to
show there exists a "flows-to chain" relation from the static analysis results from x’ to y/, it is sufficient
to show:
1. x' is directly used in the expression of the assignment command associated to y/, or a boolean
expression of the guard for a if or while command with the assignment command associated to y/
showing up in the body of that command, we call it, x’ directly flows to y/, i.e., flowsTo(x?, y/, c);
2. otherwise, there exists another labelled variable z! with variable May-Dependency relation on x°
and z' directly flows to y/, where the variable May-Dependency relation between x’ and z! implies a
"sub flowsto-chain" from z’ to z!, i.e.,
(Elzl € H_\/C.(DEPvar(xi,zl,c) = 3neN,z',--, 2z, €LV, . n=0A flowsTo(xi,zlrl, )N A flowsTo(z,Z",zl,c))A

flowsTo(zl,yj,C)).

By definition of DEPvar(xi, yj ,¢), let D € DB be the dataset, and 7 € T, €x,€y be the trace and two
events satisfying the definition, with 71 (€x) = x and 71 (€y) = y,

(flowsTo(my (€1)™2 €, 7y (€2)™2(€2), ¢)
Ve, €1 . €,€ EXADEP,(ey,€,,TlEx 1 €2], ¢, D)
= JneN,z',---, 2, €LV, . n=0A flowsTo(xi,z?, ¢)A---AflowsTo(z), w1 (e2)™2), )
AflowsTo(my (€)™, 1 (€)™, ¢)

It is clearer to show it in two lemmas:
1. Existence of a middle event: in Lemma|CJ3l
2. The middle event with a sub-trace implies a "sub flowsto-chain", by induction on the trace t

VDeDB,ceCteT . Vey,e2€€ .€1,60€ EX2ATT €T . 7= [€1]++7 ++[€2] = DEP.(e1,€2,7,¢,D)

= IneN,z)', -,z €LV, . n=0AflowsTo(mi (€)™, 2", ¢) A+~ AflowsTo(z,", 1 (€2)™€?, ¢)

with the induction hypothesis:

VEin,€in2 €T . €in1,€in2 € EX AT € T . Tleip1 s €ip2l = [€ip1)++T ++[€in2] = DEPe(€in1,€in2, Tl€in1  €in2l, ¢, D)
= IneN,z",, 2, €LV, . n=0A flowsTo(nl(eihl)”Z(eihl),zlrl, ) A+ AflowsTo(z", 71 (€;12) ™€), ¢)

Proved in Theorem [C.2] with the main proof logic:

(1). obtaining the existence of €, € £°" with dependency on €y, and a "direct flowsto" from €, to €,
from step 1;

(2). from the dependency of the €, with € on the subtrace, obtaining a "sub flowsto-chain" by induction
hypothesis;

(3). composing the "sub flowsto-chain" from (2) with the "direct flowsto" from (1), and getting the
conclusion of the complete "flowsto chain".
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Proof. Taking arbitrary x’, y/ € LV,, by definition of DEP,, (x’, y/,¢), let D € DB be the dataset,
and 7 € T, €x,€), be the trace and two events satisfying the definition, with 71 (€x) ™€) = x and
m1(ey)™€) = yJ it is sufficient to show:

DEP,(ex,€y,7,¢, D)

= 3neN,z',,z; €LV, . n=0A flowsTo(x",z{‘,c) A---AflowsTo(z)", ¥/, c)
By Theorem|[C.2] we have this theorem proved. O

C.2 Soundness of flowsTo w.r.t. the Event

For concise of the proof, we introduce some conventional operators as follows.

Definition 28 (Subtrace). Subtrace: [[]: T —E —-E—T

T'le1:€2] T=€uT Ae#e€
Tler €024 e1:uTler] T=€nT Ae=c€;
(] =]

For any trace T and two events €1,€2 € &, T[€ : €3] takes the subtrace of T starting with €, and ending
with €, including €, and €.

We use t[: €3] as the shorthand of subtrace starting from head and ending with €,, and similary for
Tlep:].

€ u1'lie] T=€¢ 1T AN #o€ T'le:] 1=€¢u1" Ne# €
el 24 € =€ TN =ce  Tle:]2X €uT T=€uT'Ae=q€
(] 7=] (] 7=
Program Entry Point: entry,: Command — N
c= [skip]l
c= [x«—el]l

¢= [x— query(yy)]’
c1 = if (bl ¢r cp)
c= while [b]'do ¢’
entry,, c=cl;c2

entry, £

~ Y~ S~ Y~~~y

Theorem C.2 (DEP, implies flowsTo). For every De DB,ce C,t1 € T . Vej,e2 € € . €1,€2 € 3,
if 31" € T . 1 = [e1]++7"++l€2) and DEPg(e1,€2,7,¢,D), then z{',---,zy" € LV, with n =0 such that
flowsTo(x',2,",¢) A--- AflowsTo(z,", ¥/, ¢)

VDeDB,ceC,1eT . Ver,e2€€ .€1,60€ EFPATT €T . 7 = [€1]++T ++[€2] = DEP¢(e1,€2,7,¢,D)
= 3dneN,z', 2l €LV, . n> O/\flowsTo(m(61)”2(61),21”,c) A---AflowsTo(z)", 1 (€2)™ €, )

Proof Summary: 1. Vacuously True cases, where trace doesn’t satisfy the hypothesis
II. Base case where 7 = [€;€2]
III. inductive case where T = [€1,---,€2].
1. Existence of a middle event:
Proved by showing a contradiction, with detail in Lemma |C.3
2. The middle event with a sub-trace implies a "sub flowsto-chain", informally:
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(1). obtaining the existence of €, € 25" with dependency on €y, and a "direct flowsto" from € to €, by
LemmalC3l

(2). from the dependency of the ¢, with €, on the subtrace, obtaining a "sub flowsto-chain" by induction
hypothesis;

(3). composing the "sub flowsto-chain" from (2) with the "direct flowsto" from (1), and getting the
conclusion of the complete "flowsto chain".

Proof. Taking arbitrary D € DB, c € C, by induction on the trace T we have the following cases:

Casel. (=)
Since for all €1,€; € £, A1’ € T satisfies [| = [€1]++7'++[€2], the theorem is vacuously true.

Case 2. (ce &, 7=[e])
Since for all €1,€; € £, A1’ € T satisfies [] = [€1]++7"++[€2], the theorem is vacuously true.

Case 3. (¢],e, €&, 1=[€];€}])
To show:

Vey,e2 € E23 A1 €T . [e];€)] = [€1]++T ++[e2]
= DEP,(€1,€2,[€1;€2],¢, D) = flowsTo(m (1)), 71 (€2)™2), ¢)

Taking arbitrary €;,€, € £25%, by law of excluded middle, there are 2 cases:

€1=€]Nex =€)

T(e1 =€) Aex =€)

In case of —1(e1 = €] Aex =€), since AT’ € T satisfies [€];€)] = [€1]++T++[€2], the theorem is vacuously
true.

In case of €) =€} Aez =€), let 7' = [], we know 37’ € T satisfying [e1;€2] = [€1]++7"++[€2].

Then it is sufficient to show:

DEP.(e1,€, [€1;€2], ¢, D) = flowsTo(my (7)™, 1y (€2)™€?), ¢)

By Lemma [C.1] we have this case proved.

Cased. (¢),65€ &, 1; €T, =[€]e:Tipr[e5] ATip # 1)
It is sufficient to show:

Ve, e2€E . €1,62€ E¥ AT €T . 7 = [€1]++T :[€2] = DEP(e1, €2, [€]]++Tip++[€5], ¢, D)
= 3JneN,z',--, 2 €LV, . n=0A flowsTo(my(€1)™2€V, 210N A flowsTo(z)",m1(€2)™€?), )

with the induction hypothesis:

Ye€in, €2 €T . €in1,€ih2 € EBATT € T . Tleiny i €52l = l€in1)++T ++l€in2] = DEP(€in1,€in2, TIE€iR1 : €in2], €, D)
= IneN,z)", -,z €LV, . n=0A flowsTo(mi(€;,1)™ ™), 21", ¢) A--- A flowsTo(z,", 71 (€;52) ™€, ¢)

Taking arbitrary €;,€e, € €257, by law of excluded middle, there are 2 cases:

€1 =€, NEx=¢€,

S(e1 =€) Nex =€)

In case of —1(e) = €] Aex =€), since At' € T satisfies [€]]++T;p++[€}] = [€1]++T"++[€2], the theorem is
vacuously true.

In case of €; =€ A€z =€), let T/ = 7, we know 37" € T satisfying [€]]++7;p++[€}] = [€1]++T"++[€2].

To show:

DEP¢(€1,€2, [€1]++Tip++[€2], ¢, D)
= IneN,z',-+, 2, €LV, . n=20AflowsTo(m (€)™, 21", ¢) A--- AflowsTo(z,", w1 (€2)™?, ¢)
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By Lemma [C.3] we know:

£lowsTo(m1 (€)™, m1 (2, 0)
viee1;, . DEP.(€1,¢,7ley 1 €], ¢, D) AflowsTo(m; (€)™, 7y (€2)™2), )

In first case, we have flowsTo(m; (€1)™2€, 1 (€2)™2€?), ¢) proved directly.
In the second case, let €;, be this event, from the induction hypothesis, we know:

IneN,z)', .z, €LV, . n20AflowsTo(mi (€)™, 2], ¢) A -+ AflowsTo(z,, 71 (€)™, ¢)

Then we know:

dnelN, zlrl, . z:l" eELV,.n=0AflowsTo(m; (61)”2('31), erl, C)A-A flOWSTO(ZZ",T[l (Eih)HZ(Eih), )
AflowsTo(m; (€)™2@), 11, (€2)™2€2), ¢)

This case is proved.

C.3 Inversion Lemmas and Helper Lemmas

The following are the inversion lemmas and helper lemmas used in the proof of Theorem [C.2]above,
showing the correspondence properties between the trace based semantics and the program analysis
results.

Lemma C.1 (The One-Step Event Dependency Inversion). For every c€ C,D € DB and two assign-
ment events €1,€, € £35%, if DEP,(€1,€2, [€1;€2], ¢, D), then, £lowsTo(m (7)€, 11 (€2)™2€?, ¢).

Ve, en € gasn,c € @,D eDB. DEPe(el,ez, leg;€e2], ¢, D)
= flowsTo(m (€)™, (e2)™, ¢)

Proof Summary:
1. case of (the labelled unique assignment command associated to the €, is executed but the value
assigned to the variable in this event is changed in second execution)
show x directly used by the assignment of the second event
2.(the labelled unique assignment command associated to the €, isn’t executed in second execution)
show x is directly used by the boolean expression for a conditional command and second event shows
in the body of that conditional command

Proof. By the Definition [10|for DEP. (€1, €2, [€1;€2], ¢, D), we know there are 2 cases:

case: 1
(the labelled unique assignment command associated to the ¢, is executed but the value assigned
to the variable in this event is changed in second execution).

Proof of the Basecase: Case 1. We have the following by the definition DEP¢ (€1, €2, [€1;€2], ¢, D) for
case 1:

(c,T0) =" (c1,T1++[€1]) =" (C2, T1++[€1;€2])
J19,71,7' €T,6 € ¥ eh € E,¢1,02 € C.Diff (e, € DA A (c1, Ti[€}]y = (o, T1++[€] 14T < [€}])
A Diff(ez,€5) Acnt(T) ma(ez) = cnt () ma(e2)

)
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Let 19,71,7' €7, 6’2 € 8,6’1 € £3%" ¢1, 2 be the traces, events and commands satisfying the executions,
by Inversion Lemma|[C.7)on €, €2, we have the following instance of the first execution in Eq.

&)

(c,To) —* ([x1 — e1/query(y)]™€); ¢y, 71y —3SSVAUETY (¢ o ey |y
—* ([x2 — €2/ query(W2)1%2; 3, 714+ [€1]) —ASSVAUETY (0, 11 [e1;e5])

, where x; =my(e1), I =ma(e1), x2 = m1(€2), Iy = m2(€2), and ey /1, e2 /1y, are the expressions of the
assignment commands associated to the €; and €, from Lemma|C.7]

By Diff(ep, 6’2) and the command label consistency, we also have the instance of second execution in
Eq.[]as follows:

assn/query (s

(c1,T1+l€}]) =" ([x2 — e2/query(W2)12; ¢, 7144 [€}] - Th) — T1++[€]]-Th+:[€5])  (6)

From Eq. [} we also have
cnt(®) b =cnt((Dl =0 @)

By Inversion Lemma|C.10]and the execution in Eq.[5 we know:
c1 =¢ [skipl®; [x2 — ex/query(y2)]; c

By substituting ¢; in Eq. [6] the following subproof shows there is only 1 qualified instance of the
execution in Eq. [6]

Subproof. There are two possibilities by the law of excluded middle:
[x2 — ex/query(y2)]2 €. ¢
or [xp — ez/query ()12 ¢. c.

1. [x2 — ea/query(W2)1” ¢c ¢
In this case, we have the following execution instance: E]

(c1,71+1€}1) —SKP" ([x, — ep/query(a)]Z; o, Ty o1} ]y —BSSVAUSTY (0, 77yl €)))

2. [xp — eglquery(ulg)]lz €. C2
By Inversion Lemma we have a while conditional command (while [bw]fu do ¢y) in o,
where [xy — es/ query(tpz)]l2 €. cy. Then, we have the following possible execution instances

(c1, T1-+1€}1) =S ([, — en/query(W2)]2; co, 711y —BSSVAUETY () 1 1! T lel])

(c1,71++1€}1) —SKIP" ([, — e/ query ()12 co, 71+ [€)1) —BSSMVAUETY (o) 7 (el [(xa, Lo, V)])
—* ([x2 — e/ query (W)l ; ca, T1++[€]1++[(x2, La, U))]++T3)
—assSn/QuUery (¢, 7. (e ]+ [(xa, Lo, U))]++ T35+ [€}])

, Where each execution instance iterates the conditional command (while [bw]lw do c¢y) in ¢y,
0,1 or more times.
For each execution instance, we have the corresponding instance of 7’ as follows:

Zx—el query(y) denotes variable x is assigned by either an expression e or query query(y)
3([skip];)* denotes a sequence command only composed of [skip] commands.

4_skip denotes the rule applied on every evaluation step of this execution is the SKip rule.
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]

=]
7' = [(x2, b, v))]++73

By Eq. [7| where cnt(7')l, = 0, we know only the first execution instance with O iteration of
while command in ¢, satisfies this restriction, i.e., 7/ = [].

In conclusion, we have the only qualified execution instance as follows where 7/ = [].

_.assn/query (¢

(c1,T1++[€4]) —SKIP™ ([, — e2/query( )12 ca, 7144 1€} 1) Ty++[€]]4+[€5])

Then we know by the environment definition, p obtains different values only for variable x; from
trace T1++[€1] and 71++[€]], i.e.,

Vz" €LV \ (&), p(r1-le1])(2) = p(1++1€} ) (2)
By Inversion Lemma|[C.5] of arithmetic expression evaluation, we have
x1 € VAR(ex /)

Since i(t1++[€1])x1 = 1, by Inversion Lemmawe know x{‘ € RD(l,, ¢).
By flowsTo definition, we have:
flowsTo(x{l , xéz, c)

ie.,
flowsTo(r; (1)€Y, 7y (€2)™€?, ¢)

This case is proved. |

case: 2

(the labelled unique assignment command associated to the ¢, isn’t executed in second execu-
tion).

Proof Summary:

1. Let €, be the testing event, in the same way of case 1, we get: mi(e1) € VAR(T,(€p)) A mEenhe
RD(Ip, c)

2. By Lemma we know: Vz € VAR(m1(ep)) . Ji €N . flowsTo(z!, 71 (€)@, ¢)

3. By flowsTo definition we have: flowsTo(m; (€1)™2 €D 711 (e2)™2€) )

Proof of the Basecase: Case 2. We have the following by the definition DEP, (€1, €2, [€1;€2], ¢, D) of
case 2:

310,71,7',73, 75 € T,€} € €%, ¢, 02 € Cep € E¥5°
Diff(er,€}) A ((c,T0) =" (er, Trosler]) = (ea, Trosleniep)ns)
Aer, Tre+[€]]) =% (2, Trw+[€] )T e [(mEp) 144 T)
ATLr,NTLy =@ A cnt(t)) ma(ep) = cnt () ma(ep) A€r € T3 A€o Ee 1’3)

(®)

Let 79,71,7,73,75 € T,€} € E,€] € £25%, €, ¢1, ¢z be the traces, events and commands satisfying the
executions, by Inversion Lemma on €1, €2, and €3, we have the following instance of the first
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execution in Eq. [8]

(¢, To) —* ([x1 — er/query ()15 c1,71) =4S AUETY (¢), 7114 [€1])
—* (if ((b), c1, cf)/ while [D) do cyp; ¢y, T1++lEr])
_it-b / while-b ((cr;chlep;ch)/ (chl cw; while [b]™ do cy;ch), T1++len;€p])

—"(c3,T1++[€1;€p]++T3)

(€))

, Where x1 = m1(€1), 1 = mo(€1), and if ([b] lb,c,;, cf)/ while [b]" do ¢y 1s the conditional command
of the assignment commands associated to the €, from Inversion Lemma [C.7] of testing event.
By the command label consistency, we also have the instance of second execution in Eq. [§]as follows:

(c,T0) =" ([x1 — el/query(Wﬂ]l‘;Cl,Tl) —assnlquery (¢, 1..[e1])
—* (if ((b)", cr, cf)/ while [D] do s ch, Tro+lE1]++T")

_.if-b/ while-b (.. ot (10)

Icg; €h) I (cw; while [B]% do cyp; ch/ ch), Trvsl€1]++T v+ [€D])
—* (Cg, T1++[€1]++T,++[_|€b] ++Té>

From Eq.[8} we also have cnt(t')l, = cnt([]); =0.
By the same proof steps from case 1 in Subproof|[C.3] we have

x1 € VAR(b) A X" € RD(Ip, ©)
By Lemma|[C.2] we also know:
Vze VARt (ep)) . i €N . flowsTo(z}, 11(€)™@, ¢)
Then by flowsTo definition, we have flowsTo(x{l,xéz, c) i.e.,
flowsTo(my(€1)™“V, 71 (€2)™2 €2, ¢)
This case is proved. n

O]

Lemma C.2 (Control Dependency Inversion). For every c € C, D € DB,t € T and two assignment
events €1,€2 € E®2, if they are in the second case of the Event May-Dependency relation from Defini-
tion. DEP.(¢,¢,¢,7,D) as Eq. then for all z€ VAR(71(€p)) there exists a label i € N such that
flowsTo(z!, 71 (€)™, c)

VDeDB,ceC,1eT,e1,60 € EM,
370,71,7, 73,75 € T,€] € €257, 01,02 € C,e € E¥5, T, € T . 7 = [€1]44T jpy+[€2]
= (¢, Tg) =" {(c1,T1++[€1]) = {C2, T1++[€1]++T++[€p]++T3)
N1, Tre+[€]]) —=* (o, Tresl€] T e [(mEp) ]+ T5)
ATL;, N -ﬂ—ﬂ_rg =@ Acnt(t)) ma(ep) = cnt(T) ma(ep) A€2 €Ec T3 A€ Ee Té
= Vze VAR(m1(€p)) . AN, flowsTo(z!, 1 (e2)™ € ¢)

QY

Proof Summary:
Proving by using the Inversion Lemmas [C.5] [C.6] and [C.8] and the Event May-Dependency
definition of the second case.
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Proof. Take arbitrary D€ DB, ce€ C,7 € T,e1,62 € E3%, let 19, 71,7, 73,75 € T, €5, € E,€] € E25%,¢p, €1, 2
be the traces, events and commands satisfying the executions, by Inversion Lemma on €,, and €y,
we have the following instance of the first execution in Eq. [T 1]

(¢, 7oy —* (if ([b]", ¢ty cp)/ while [B]% do cyp; €y, T1++[€1]4+T)
_.if-b / while-b ((ce;chlcr; €4) 1 (cw; while [B]' do cy;ch/ [skipl; cy), T1++le1]+T++[€p])

—*([x2 — eg/query(’(/lz)]lz;Céb,T1++[€1]++T++[€b]++‘[3a>

_.assn/query (Chy T1oel€1] 0T osl€p]esT3ges[€2]) = (€3, Trveler] s TuslEplesTagesl€a] 4 T3p)

(12)

, where T3 = Tgg++[€2]++T3p, X2 = M1 (€2), Lo = M2(€2), and if ([b] lb,c[,cf)/ while [b]% do cy 1S the

conditional command of the assignment commands associated to the e, from Inversion Lemma [C.7| of

testing event.

The notation (cs; ¢4/ cy; c3)/ (¢ while [B] b 4o cpp; cy/[skip]; c}) represents:

In case of if ([b]%, Ct, Cf), if m3(ep) = true, we have the evaluation:

(1£ (1D, cr, )3 €, Troslen)oom) =110 (s chryalen]otolep))

The same for case of if ([b]lh,ct,cf) with 73(e) = false, and case of while [b]" do ¢, with
n3(ep) = true and m3(€p) = false.
By the command label consistency, we also have the instance of second execution as follows:

(¢, T0) =" (if ([b]", c;,cp)/ while [B]" do cy;ch, T1++[€1] ")
—if-b / while-b ((cp; chler; ) ([skipl; ch/ cw; while [B) do s cy), Tr++ler]++T v [Ep])
—* (03,T1++[€1]++T/++[—l€b]++‘[é>

(13)
By the label consistency, and TlLy, N TL;, = @, we know 73 and 74 doesn’t contain any event of
evaluating the commands in c3. Otherwise, TLy, N TL,; # @, which is a contradiction.
Since 13 = T34++[€2]++T3p, We know €3 doesn’t comes from evaluating of cé, ie.,:
In the case of if ([b]%,c,, cf), €2 comes from the evaluation of ¢; or ¢y, i.e., [x2 — e'glquery(wz)]l2 €¢
Ct OF Cf;
and in the case of while [b]% do ¢, €2 comes from the evaluation of ¢, i.e., [X) — e/ query(ys)
]lz €cCw-
In both of the two cases, we know Vz € VAR(,(ep)) there is a label [ € N for this variable, and by the
flowsTo definition, flowsTo(z!, ] (€2)™2€?, ¢).
This lemma is proved. O

Lemma C.3 (The Multiple-Steps Event Dependency Inversion). For every D€ DB,ce C, 1€ T, and
two assignment events €1,€, € E*, if the trace trace has the form T = [€1]++T ++[€2] with 1" € T, and
DEP.(e1,€2,7, ¢, D) then £lowsTo(m; (€1)™2€), 711 (2)™2€2)  ¢), or otherwise there exists € € T/ such that
(DEP(€1,€,Tler s €], ¢, D) A £lowsTo(ry (€)™, 11 (€2) ™€), ¢)).

VDeDB,ceCreT. Ver,e2€ £ . 31" €T . 7 = [€1]++T"++[€2] = DEPel(e1,€2,7,¢,D)
= fIOWSTO(Hl(el)HZ(EI),ﬂl((—,‘2)7[2(62),C)
viee ' . (DEP.(e1,€,Tler : €], ¢, D) AflowsTo(m (€)™, 1y (€2)™€, 0))

Proof Summary:

Proving by using Lemma Lemma|[C.2] and the Inversion Lemmas and and
showing a contradiction.
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Proof. Taking arbitrary D € DB,c € C,7 € T and two events €;,e2 € £, where T has the form
T = [€1]++T"++[€2] for some 7/ € T and DEP.(e1,€2,7, ¢, D)
Assume

—flowsTo(m; (€1)™2 €V, 1 (€2)™2€2) ¢) (1)
AVeeT' . ("DEPg(ey, €, 7ler 1 €], ¢, D) v 7flowsTo (1 (€)™, 71 (€2)72€2), ) (2)

Then, by Lemma [C.4]and (2), we know
flowsTo(m (€)™, m1 (€2, )

, which is contradict to (1).
This Lemma is proved. O

Lemma C.4 (Independent Events Doesn’t Block flowsTo ). For every D € DB,c € C, 1 € T, one
assignment events €, € ¥, and another event €, € &, if the trace T has the form T = [€1]++T ++[€2]
with t' € T, and DEP¢(€1,€2, T, ¢, D), then the following two conclusions hold when €, is an assignment
event and a testing event respectively.

o Ifey € E33®, then for every € € T/, if it either doesn’t have the Event May-Dependency relation on
€1, or m1(€)™2© doesn’t have the £lousTo relation with 1, (€2)™€?), then the labelled variable
m1(€1)™2€V directly flows to the other one m1(€2)™€?), i.e., flowsTo (1 (€1)™2€V, 11 (€)™, ¢).

VDeDB,ceCr1eT.Vey,e€ €2 . 31" €T . 7= [e1]++7 ++[€2] = DEPg(e1,€2,7,¢,D)
— (Vee1'.DEP,(e1,€,Tler s €], ¢, D) v £ lowsTo (1 (€)™®), 71 (€2)™?, ¢))
= flowsTo(m1(e1)™2 €, 711 (€2)™2€2) ¢)

o Ife; € E¥°5C, then for every € € T/, if it either doesn’t have the Event May-Dependency relations
oneg, ormi(e) € VAR(m1(€2)), then mi(e1) € VAR(m1(€2)), and ma(€1) = 1(T)

VDeDB,ceCreT . Ve, € €3 ey, e 5 ' €T . 17 =[€1]++T ++[€2] = DEPq(€1,€2,7,c, D)
= (Ve €1’ . DEP.(e1,€,Tler s €l,c,D) v mi(e) ¢ VAR(]Tl(Eg)))
= m1(€1) € VAR(m1(€2)) A 12(€1) = 1(7)

Proof. Taking arbitrary D € DB, c € C, and an assignment events €; € £2°® and another event €, € £.
Without loss of generalization, taking arbitrary trace has the form 7 = [e;;-- - ;€2] for arbitrary 7, € T,
then we know 3t/ € T. 7 = [€1]++7 ++[€2], let T, be this 7’.

case: €, € £35®
By the definition of DEP(ey,€2,7, ¢, D), taking €],¢€), € £25%, 7/, € T, c1, ¢, € C as the events, traces and
commands satisfying the definition, we have following two executions:

(¢, 7o) = {c1,T1++[€1]) =7 (€2, T1++[€1]++T24+[€2])
(Cl,T1++[€’1]> —* (CZ,T1++[€,1]++T’2++[€,2]>

By inversion Lemma. on €, and 6’2 in the two executions and Diff (e;,€2), we have the following
two execution instances:

(c1, 71+ le1]) —* (M1 (€2) — e2/query(W2)]™; cp, Ty aeler]osta) — SN QUETY (0 11 le1]uaTouslen])

(c1, 71+ 1€}]) —* (1 (€2) — €2/ query (W)™ ; cp, Ty aele)]orth) — SN QUETY (o) 1 1€ ]uathulEl])
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, where e, /v, is the expression of the assignment command associated to the €, and €/, by the Inversion
Lemma.[C.7l

Taking arbitrary €, € 7o, we know " DEP¢(ey,¢,7l€e1:€,],¢,D) Vri(e;) ¢ VAR(e2 /).

In case of “"DEP.(e1,¢€,Tler 1 €], ¢, D), by Deﬁnition we know €, € T’Z and

p(T1e:Tler s €)M (€2) = p(T1++T[€] €)1 (€2)

In case of 71 (e;) ¢ VAR(ez2/v>), by Inversion Lemma|[C.5] of arithmetic and query expression cases,
we know:

vxielV,r,7' €T, v 0. (vZf €LV/{m (€)™} . p(1)z = p(T')z)A(T,eglt//2> Vo 0N e V) = v=10'

vxielV, 7,7’ €T, a,a . (sz eLV/{m ()™} . p(1)z = p(T’)Z)/\(T,l//g} Vgan@ yo) lga = a=44a

for e, or v, respectively.
Let usey, a subset of the events in T2, satisfying:

Vee 3" . ecuse;, <= €T AT () € VAR(e2/ )
Then we also know for every €, € use;,, "DEPg(€1,€5,T[€]1 1 €2],¢, D), i.e..:
Vz! €LV (LVr, \LVyge,, ) U1 (€1)™}) . p(iesler]oT2)z = p(r1s-lef]Th) 2 (1)

and

vzl eLv\ LVq, \I]_\/userz),r,r’ eT, v, . pMz=p)zn(T,e2) lgvA({T ) oV = v=1" (2a);
vzl e LV LV, \U-\/use,z),T,T' eT,a,a . p(Mz=p)zA{T,¥2) JganT,yr) lga = a=4
a’ (2q),

where LV;, and U-\/use,z are the sets of labelled variables of every event in 7, and use,, respectively .
Since Diff (ez,€5), we also know:

(Tre+ler] T2, €2) Yo 3(€2) A (T1+[€]]1+:T), €2) Yo 3(€3) A T3(€2) # T3 (€3)
We know ¢ is the only cause of the difference in €, and 63, when evaluating [, (e2) — e2/query(yw?)

172 (€2)

By inversion Lemma. of arithmetic and query expression cases, given the two traces 7;++[€]]++T),
and 7;++[e]]++T), satisfying this lemma by (1), (2a) and (2¢), we know

7m1(€1) € VAR(e2/y2) Ama(er) = i(T1++[€1]++T2) 1 (€1)

By flowsTo definition:

72 (€1) 72(€y)

flowsTo(m(€1) ,nl(ey) ,C)
This case is proved.

case: ¢, € £test

By the definition of DEP.(e1,€2,7,¢,D), taking €} € £2%%,7), € T,c,c2 € € and €, € E*°5* as the
events, traces and commands satisfying the definition, we have following two executions:

(c, 7o) =" (c1,T1++[€1]) =7 (€2, T1++[€1]++T 24+ [€2])
(1, T1++[€1]) =7 {C2, T1++[€] 44T [€5])
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Taking arbitrary €, € 7o, we know " DEP¢(e1,¢,Tl€1 :€,],¢,D) Vrri(€;) ¢ VAR(e2/2).
Then by the same proof in case: €; € £, and applying the Inversion Lemma and of the
boolean expression case, we have:

m1(€1) € VAR(my(€2)) A 1a(€1) = 1(7)
This case is proved. O

Lemma C.5 (Expression Inversion). For all x' € LV, and 1,7' € T, and an expression e if Vz! €
LV/{x'} . p(T)z = p(1)z, and if

* e is an arithmetic expression a, and (1,a) 4 v and (t',a) |}, V' with V' # v, then x is in the free
variables of a and i is the latest label for x in 1, i.e., x € VAR(a) and i = (1) x.

* e is a boolean expression b, and {1,b) |, v and (t',b) U V' with V' # v, then x is in the free
variables of b and i is the latest label for x in 1, i.e., x€ VAR(D) and i = (1) x.

* eis a query expression y, and (T,¥) J4 @ and T',y) 4 &' with a #4 &', then x is in the free
variables of w and i is the latest label for x in 7, i.e., x€ VAR(Y) and i = (1) x.

Proof Summary:
To show x € VAR(a), by showing contradiction (V7,7’ in second hypothesis v = v) if x ¢ VAR(a).
To show i = (1), by showing contradiction (V7,7 in second hypothesis v=v" ) if j=u(r)x and i # j.

Proof. Take two arbitrary traces 7,7’ € T, and an expression e satisfying Vz/ € LV/{x’} . p(1)z = p(1))z,
we have the following three cases.

case: e is an arithmetic expression a

We have (1, b) |, v and (7', b) U}, v' with v’ # v from the lemma hypothesis.

To show x € VAR(y) and i = (1) x:

Assuming x ¢ VAR(a), since vzl e LV/{xi}. p(1)z=p(t)z, we know v = v', which is contradicted to
v # .

Then we know x € VAR(y).

Assuming j =u(T)XAi # j, by Vz/ e LV/{x'} . p(1)z = p(t)z, we know p(1)x = p(T))x, i.e.,

Vz/ eLV. p(1)z=p(1))z.

Then by the determination of the evaluation, we know v = v/, which is contradicted to v’ # v.

Then we know i = (1) x.

case: e is a boolean expression b
This case is proved trivially in the same way as the case of the arithmetic expression.

case: e is a query expression
This case is proved trivially in the same way as the case of the arithmetic expression. O

Lemma C.6 (Expression Inversion Generalization). For all subset of the labelled variables Diff c LV,
and x' € (LV\Diff), and an expression e, if

e e is an arithmetic expression a, and for all zJ € LV\Diff,7,7' € T, v, v’ such that p(Mz=pz,
and (t,a) Y, v, and {1',a) J, V' with v =V'; and for all zJ € LV/(Diff U {x'}) there exist
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7,7 € T,0, V' such that p(1)z = p(t))z, and (t,a) Y4 v, and {1',a) Y, V' with v # V', then
xe€e VAR(a) and i = 1(1)x.

VDiff cLV,x' € (LV\Diff),a.
Vz/ e LV\Diff, 7,7 € T,u,v . pMz=pa")zA T, a) ba VAT a) Yo V' AV =1
— Vz/ elLV/Diffu{x’}) . 3r, 7 €T, 0,0 . p(Mz=pTNz AT, a) Yo VAT, @) Yo V AV V'
— xe VAR@)Ni=1(T)x

e e is a boolean expression b, and for all zJ € LV\Diff,7,7' € T, v,V such that p(t)z=p )z A
(T, by Up AT, b)Y Up V' Av=1; and for all 2/ e LV/(Diff u{x'}) . 31,7 € T, 0,0 . p(1)z =
oz AT, by Up vAT by Up V' AU # U then x€ VARMD) Ni =1(T)X

VDiff cLV,x! € (LV\Diff),b.
Vz/ e LV\Diff, 7,7 € T, 0,0 . p(t)z=p()z AT, by Y vAT DY Yp V AU =1
— Vz/ elLV/Diffu{x’}) . 31,7 €T, v,v . p(M)z=pT )z AT, bY Up UAT DY Up V' AV E Y
— xe VARMb)ANIi=1(T)x

* e is a query expression v, and for all Diff c LV,x' € (LV\Diff),w such that for all z/ €
LV\Diff,7,7' € T,a,a’ . p(M)z=pa)zA{t,¥) Ugan{t' ) lga' Aa =4 &'; and for all
2 eLV/Diffu{x') . 31,7 € T,a,a’ . p(Mz=pTzn (T, ) lganit ) lga' na #4 &,
then xe VAR(W) A i = (1) x.

VDiff cLV,x! € (LV\Diff),y .
Vz/ e LV\Diff, 7,7’ € T,a,a’ . p(T)z=p(T)z A (T,¥) lgand ,yylga' na=4a
= Vz/ eLV/(Diffu{x’}) . 31,7’ €T, a,a’ . p(M)z=p@Nzn (T, ¥) lgan{@ p) lga' na#,a
= xe€ VARW)Ai=1(T)x

Proof Summary:
To show x € VAR(a), by showing contradiction (V7,7’ in second hypothesis v = v') if x ¢ VAR(a).
To show i = (1), by showing contradiction (V7,7 in second hypothesis v=v" ) if j =u(r)x and i # j.

Proof. Taking an arbitrary expression e, we have the following three cases.

case: e is an arithmetic expression a

Taking an arbitrary set of labelled variables Diff c LV, x’ € (LV \ Diff) satisfies:

Vz/ e LV\Diff, 7,7’ € T, 0,0 . p(Mz=pa")zA(T,a) ba v AT a) Yo V' Av=1" (1)

and Vz/ e LV\ Diffuix)) . 31,7 € T, 0,0 . p(W)z=p(a)zA(T,a) Yo VAT, a) ba V' AV DV (2),
Let 7,7’ € T, v, v’ be the two traces and values satisfies hypothesis (2).

To show: x € VAR(a) A i =1(T)x:

Assuming x ¢ VAR(a), we know from the Inversion Lemma@] of the arithmetic expression case,
Vzl e LV\{x'}, 7,7 € T, 0,0 . p(m)z=p(tNzA(T,a) Yo VAT, a) b V AV =V,

Then with the hypothesis (1), we know:

Vz/ e LV\Diffu{x'}), 7,7 €T, v,v" . p(m)z=p@NzA{T,a) Yo v AT @) b V AV =V

This is contradicted to the hypothesis (2).

Then we know x € VAR(e).

Assuming j = 1(T)XA i # j, by hypothesis (2) where Vz/ € LV\ (Diff U{x"}) . p(1)z = p(1')z, we know
p(m)x=pix,ie.,

Vz/ e LV\ (Diff) . p(1)z = p(1))z.

Then we have v’ = v by hypothesis (1), which is contradicted to v’ # v.

Then we know i = (1) x.
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case: e is a boolean expression b
This case is proved trivially in the same way as the case of the arithmetic expression.

case: e is a query expression

This case is proved trivially in the same way as the case of the arithmetic expression. O
Lemma C.7 (Event Inversion). For all c € C,t¢ € T,€ € Esuch that {c,79) —* (skip,To+T1), and
€ Ee Tl) UC

e c€ &3 then either

— there exists 1) € T, c' € C, e such that
(¢, 10y =" ([x — ell; ¢, 1grs1’y —8SSN (¢, o+ ++[€]) = (skip, To++T1)
— or there exists T} € T, ¢’ € C,y such that
(¢, 70y —* {[x — query(W)]]; ¢/, Tos-Th) =4V (!, Tg4sT) ++[€]) —* (skip, To++T1)

o € &St then either

— there exists 1) € T, c’, ¢y, ¢, ¢ € C, b such that
(¢, 7o) =* (if ([b), crycp)i !, Toeeth) =170, TousT) - [€]) —* (skip, To+T1)

— or there exists T € T, c', ¢y, c" € C, b such that

while—b (C"

(¢, Toy =" (while ([b)!, cp); ', TosT)) — ,To++T)++[€]y =™ (skip, To++T1)

Proof Summary: trivially by induction on ¢ and enumerate all operational semantic rules.

Proof. Take arbitrary 7 € J, by induction on ¢, we have following cases:

case: ¢ =[x —e]’

By the evaluation rule assn, we have ([x — al, 7y — (skip,7++[(x, 1, V)]).
Then we know 7 = [(x, [, v)] and there is only 1 event (x, [, v) € 7;.

Then we have 7/ = [] and ¢’ = skip satisfying

(¢, 10) =* ([x — ell; ¢!, Tg+s1"y —3SSN (¢, T+ ++[€]) =™ (skip, T++T1).
This case is proved.

case: ¢ =[x — query(u/)]l
This case is proved trivially in the same way as case: ¢ = [x — e]’.

case: C = Cs1,Cs2
This case is proved trivially by the induction hypothesis on cs; and cg» separately, we have this case
proved.

case: while [b]'doc

If the rule applied to is while-t, we have:

(while [b]! do Cuw,T) — (Cy; while [b]! do Cw,T++[(b, [, true)]) = (skip,T++7T1),
(b, 1, true) €e*®s* and (b, [, true) € 7;.

Let 7/ =[], ¢/ = skip and ¢” = ¢,; while [b]’ do ¢, we know that they satisfy
(c,Tp) —* (while ([b]l,cw);c’,ro++r’1) — while=b (", To++T)++[€]) =™ (skip, Tg++T1)
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This case is proved.

If the rule applied to is while-f, we have

(while [b]} do ¢y, T) _ while-f (skip, T++[((b, [, false))]), (b, I, true) € €*°5*, and (b, [,true) € 1.
Let 7/ =[], ¢’ = skip and ¢” = skip, we know that they satisfy

(¢,70) —* (while ([b]!, c); ¢, 7o)y —WhilE-t (¢r
This case is proved.

,To+T)++[(b, [, false)]) =" (skip, To+T1)

case: if ([bl', ¢, cr)
This case is proved in the same way as case: ¢ = [x — query(y)]’. O

Lemma C.8 (Reachable Varibale Inversion). For all ¢ € Ct,7" € T, if {c,1) —* (¢, 1"), and for all
x! € LV, such that 1(t")x = 1, then x' € RD(absinit(c),¢).

VYeeCr, 7' €T . (c,1) =" (c',T) = Vx'elV,.1(r)x=1 = x' €RD(absinit(c),c)

Proof Summary: If a variable with the label which is the latest one in the trace, Then by the
environment definition, the value associated to this labelled variable is read from the trace.
Then this labelled variable must be reachable at the point of entry,, i.e., x! e RD(absinit(c),c).

Proof. Take arbitrary c € C, 7,7’ € T satisfying (c,7) —* (¢/,7’), and an arbitrary xle LV, satisfying
(thx=1.

By definition of ¢, we know 7’ has the form 7/,++[(x, [, v)]++r’b for some 7/, T;} €T and v.

And the variable x doesn’t show up in all the events in r’b.

Then, by the environment definition, we know: p(t))x = v, i.e., x
absinit(c).

By the in(l) operator define in Section we know x! is in the in(absinit(c) for prpgram c.
Since RD(absinit(c),c) is a stabilized closure of in(l) for ¢, we know x! € RD(absinit(c),c).

This lemma is proved. 0

!'is reachable at the point of

Lemma C.9 (While Loop Inversion). For every 1,7 € T,c,c1,c2 € Cif (c,T) = {(c1;¢2,T") and ¢; € ¢3,
then there must exist a while command in cy and c¢; must shows up in the body of that while
command, i.e., Al€N,be B, c,, € C . (while [b]' do cyp) €c €2 A€l Ec Cyp-

V1,7'€T,¢c,c1,00€C.
(¢, Ty —=* (c1;¢2,7') = c1€ccp = A eN,beB,cpy€C. (while [b] docy) €c 2 At €c Cu

Proof Summary: trivially by induction on ¢ and enumerate all operational semantic rules.

Proof. Take arbitrary 7 € T, by induction on ¢, we have following cases:

case: ¢ =[x — e]/
By the evaluation rule assn, we have ([x — al’,7) — (skip, T++[(x, [, 1)]).
Since there doesn’t exist ci, ¢y € C satisfying skip = ¢;; ¢2, this theorem is vacuously true.

case: ¢ = [x — query(y)]’

By the evaluation rule query, we have ([x — query(W)]!,7) — (skip, 7+-[(x, [, @, 1)]).
Since there doesn’t exist ci, ¢z € C satisfying skip = c; ¢z, this theorem is vacuously true.
case: c= if ([bl',c1, )

By the evaluation rule query and if-f, and the label consistency, we know:

for all possible c¢;; and ¢z such that c; has the form ¢; = ¢s; ¢s2;
all possible cfy and ¢y, such that ¢y has the form ¢y = cg1; ¢,
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cn € cpnand cpy € cpo.
Then this theorem is vacuously true.

case: C = Cs1,Cs2
By label consistency, we know for every ¢] € cs1, €] € Cs2.
Then by the induction hypothesis on cs; and ¢, separately, we have this case proved.

case: while [b]'doc
By rule while-t, we have:

(while [b)! do ¢y, T) — (Cy; while [b]' do ¢y, skip), T++€])

If ¢, is a sequence command, let ¢; = c¢,1 be the any possible command in this sequence, for all
possible c¢,; and ¢, such that ¢, has the form ¢, = ¢cy1; Cy2-

Then we have ¢, = ¢y»; while [b]! do cw,skip) and ¢ €, cy.

And we also have the existence of [ = [}, b and c¢,,, and while (b} do ¢,y €, 2 and ¢; € cyp.

If ¢, isn’t a sequence command, let ¢; = ¢y, then we have ¢, = while (]! do Cw,skip) and ¢; €, cy.
And we also have the existence of [ = [}, b and ¢, and while (b} do ¢,y €, 2 and ¢; € cyp.

This case is proved.

By the evaluation rule while-f, we have (while (b}, do Cw,T) — ([skip]l,r++[((b, [, false))]).

Since there doesn’t exist ¢y, ¢z € C satisfying skip = ¢; ¢2, this theorem is vacuously true. O

Lemma C.10 (Only skip Command doesn’t Produce Event). . For all trace T € T, and c,c’ € C,
(c,T) — (', ) if and only if ¢ = [skip]; .

VreT,c,c€C.(c,1)— (1) c=[skip];c
Proof. Proved trivially by induction on ¢ and enumerate all operational semantic rules. 0

Lemma C.11. (Event Dependency Transitivity) For every D € DB,c € C,1 € T, and €1,€2,€3 €
E3, 712,723 €7, if DEPg(€1,€2, 712, ¢, D) and DEP¢(€2,€3,T23, ¢, D), then DEPg(€1,€3,T12++723, ¢, D).

VDe @B,C € 6,61,6‘2,63 € Easn,Tlg,ng eT. DEPe(é‘l,é‘g,le,C, D) A DEPe(€2,€3,T23,C,D)
= DEPe(€1,€3,T12++T23,¢, D)

Lemma C.12 (Variable May-Dependency Transitivity). For every c € C, xt yj zle LV, if DEP,. (x, yj ,C)

and DEPvar(yf,zl,c), then DEP., (x%, Z}, c).

Vce (‘Z,xi,yj,zl eLv,. DEPvar(xi,yj,c) A DEPvar(yj,zl,c) = DEPvar(xi,zl,c)
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D Soundness of The Weight Estimation

D.1 Proof of Lemma [4.1]

Lemma (Soundness of the Abstract Events Computation). For every program c and an execution
trace T € T that is generated w.r.t. an initial trace 1y € Ty(c), there is an abstract event e= (1 , , )E
abstrace(c) for every event € € T having the label I, i.e., ¢ = (_,1,_).

VceC1oeTple),Te€T,e=(,1,)e€ .{c,To) —" (sSkip, To~T) AEET
= Je=(I,_, ) e (LxDCT x L) . ec abstrace(c)

Proof. Taking arbitrary 7 € T, and an arbitrary event € = (_,[,_) € &, it is sufficient to show:

V1eT . {c,T1o)—" (skip,To++T) A€CET
= Je=(I,_, ) e (LxDC" x L) . €€ abstrace(c)

By induction on program c, we have the following cases:

case: c=[x—¢€] 4

By the evaluation rule assn, we have ([x — a]’, 1) — (skip, 7++[(x, ', )]}, for some v € N and 7 =
[(x, ', v)].

There are 2 cases, where I’ =1 and I’ # .

In case of I’ # I, we know € &, 7, then this Lemma is vacuously true.

In case of I’ = [, by the abstract Execution Trace computation, we know abstrace(c) = abstrace’([x:=
el’; [skip]le) ={(l,absexpr(e), l,)}

Then we have = (I, absexpr(e), l,) and €€ abstrace(c).

This case is proved.

case: ¢ =[x — query(u/)]l'
This case is proved in the same way as case: ¢ = [x — e]’.

case: while [b]'v doc

If the rule applied to is while-t, we have

(while [b]* do cy,T) — {Cy; while [b]' do ¢y, To++[(b, [, true)]).

Let 7,, € T satisfying following execution:

(Cuw» To++L(D, Ly, true)]) — (skip, To++[(D, Ly, true)]«T )

Then we have the following execution:

(while [b]' do ¢y, T) — (Cuw; while [b]' do ¢y, To++[(b, Ly, tTue)]) — (while [b]' do ¢y, To++[(D, Ly, tTUC) ] ++T 1) —
(skip, To++[(b, Iy, true)]«+T ,++71) for some 71 € T and 7 = [(b, [}, true)]«+T y++T1.

Then we have 3 cases: (1) € =¢ (b, [y, true), 2)eet, or 3) eeTy.

In case of (1). € = (b, I, true), since abstrace(c) = abstrace’(c; [skip]l") ={(I,T,init(cy))}U
.-+, we have e=(1,T, init(cy)) and this case is proved.

In case of (2). € € T, by induction hypothesis on c¢,, with the execution (¢, To++[(b, [, true)l) 5
(skip,1+[(b, Iy, true)l++Ty) and trace T,, we know there is an abstract event of the form glz
(I,_,_) € abstrace(c,) where abstrace(c,) = abstrace’(c,; [skip] ley.

Leté = (I,dc, 1) for some dc and I’ such that €€ abstrace(c).

By definition of abstrace’, we have abstrace’(c,; [skip] ley = abstrace’(c,)U{(l',dc,1,)|(I',dc) €
absfinal(cy)}. » v

There are 2 subcases: (2.1) € € abstrace’(c,,) or (2.2) € € {(I',dc,1.)|(I',dc) € absfinal(cy)}.
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sub-case: (2.1)

Since 3,bstrace(c) = abstrace’(c,)U{(l',dc, 1,))|(I',dc) € absfinal(c,)}U---, we know the abstract
event € € abstrace(c).

This case is proved.

sub-case: (2.2) e {(I',dc,1.)|(I',dc) € absfinal(cy)}

In this case, we know (/,dc) € absfinal(cy).

Since abstrace(c) = abstrace’(¢c,,)Ui(l',dc, 1,,)|(I',dc) € absfinal(cy)}u---, we know (I, dc, 1) €
((I',dc,1,)|(I',dc) € absfinal(cy)}, i.e., the abstract event (I,dc, [,) € abstrace(c) and (I,dc,[,)
has the form (I,_,_).

This case is proved.

In case of (3). € € 71, we know either € = (b, [, ), or € € 7/, where 7/, € T is the trace of executing ¢,
in an iteration.

Then this case is proved by repeating the proof in case (1) and case (2).

If the rule applied to is while-f, we have

(while [b]'* do Cuw,T0) _ while-f (skip,To++[(b, I, false)]), In this case, we have T = [(b, [, false)]
and € = (b, 1, false) (0.w., € ¢ T and this lemma is vacuously true) with [ = [,,.

By the abstract execution trace computation, abstrace(c) = {(/, T,init(cy))} U---, we have €=
(I, T,init(cy)) and €€ abstrace(c).

This case is proved.

case: if ([bl', ¢, cr)
This case is proved in the same way as case: ¢ = while [b]' doc.

case: ¢ = Cs1;Cs2
By the induction hypothesis on c¢5; and cg» separately, and the same step as case (2). of case: ¢ =
while [b]! do ¢, we have this case proved. O

D.2 Proof of Lemma4.2]

Lemma (Uniqueness of the Abstract Events Computation). For every program c and an execution
trace T € T that is generated w.r.t. an initial trace Ty € Ty(c), there is a unique abstract event
€= (I,_, ) e abstrace(c) for every assignment event € € E*3" in the execution trace having the label |,
ie,e=(,1,_, )andeerT.

VeeCtoeTolo),teT,e=(,1, )& {c,To) =" (skip, To++T) AEET
= Ae=(l, , Ve (LxDCTxL). ¢c abstrace(c)

Proof. This is proved trivially by induction on the program c. O

D.3 Soundness of Weight Estimation, Theorem {4.1]
Preliminary Theorem from paper [6].

Theorem D.1 (Soundness of the Transition Bound). For each program c and an edge €= (,_, e
absG(c), if l is the label of an assignment command, then its path-insensitive transition bound TB(E, ¢)
is a sound upper bound on the execution times of this assignment command in c.

VceC,lelV(c),1geTp(c),Te T, veEN. (¢, To) =" (skip, To+T) A (TB(€, ¢), To) Jagvnent(r,D<v
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Theorem D.2 (Soundness of the Weight Estimation). Given a program c with its program-based
dependency graph Gest = (Vest, Eost,West, Qest), we have:

V(x!, w) €Wesr, 7,7 €T, vEN.. (¢, T) —* (skip, T+T YA (T, w) e vAcCnt(T', ) < v

Proof. Taking an arbitrary a program ¢ with its program-based dependency graph Gest = (V,E, W,Q), and
an arbitrary pair of labeled variable and weights (x!, w) € Weg, and arbitrary 7,7’ € T, v € N satisfying
(¢, T) =" (skip, T++T) AT, W) e v

By Definition of Wegt in Gegt (€), we know w = absW(l) = maX{TB(g:)I €= Z,_, )t

By Lemma , there exists an abstract event in abstrace(c) of form (€) = (I, _, _), corresponding to
the assignment command associated to labeled variable x’.

Let (€) = (I,dc, ") € abstrace(c) be this event for some dc and I’ such that (€) = (I,dc, ') € abstrace(c),
by the last step of phase 2, we know Wegt (xh) & TB(Z‘). Then, it is sufficient to show:

Vv eN. (TB(E),7) Y, cnt(’,]) < vTB(€)
By definition of TB(g):

locb(€) locb(€) € SMBCST
Incr(Locb(@) + Y{TBE ) x max(Vinvar(a) + ¢,0)| (€, a, ) € re(Locb(@)} locb(E) ¢ SMBEST

case: locb(€) e SMBECST

Proved by the soundness of Local bound in Lemma [D.1]
case: locb(e) ¢ SMBCST
To show:
max{cnt(r)l | VTeT. (c,,r> —* (skip, T++1')} ,
< Incr(locb(€)) + L{TB(€ ) x max(Vinvar(a) + ¢,0)|(€ , a, ¢) € re(Locb(€))}

Taking an arbitrary initial trace 7y € J, executing ¢ with 7¢, let T be the trace after evaluation, i.e.,
(c,To) —* (skip, 1), it is sufficient to show:

ent ()] < Incr(locb(@®) + YITB(E ) x max(Vinvar(a) + ¢, 0)|€ , a, ¢) € re(Locb(@))}

By the soundness of the (1) Transition Bound and (2) Variable Bound Invariant in [6] Theorem 1
(attached above in Theorem[4.1)), This case is proved. O

Lemma D.1 (Soundness of the Local Bound). Given a program c, we have:
Ve=(l,dc,1') . max{cnt(z)] | YT €T . (c,7) —* (skip,7++7')} < Llocb(e)

Proof.

sub-case: [ ¢ SCC(absG(c))

In this case, we know variable x’ isn’t involved in the body of any while command.

Taking an arbitrary 1 € T, let T € T be of resulting trace of executing ¢ with 7, i.e., {¢,7¢) —* (skip, 1),
we know the assignment command at line [ associated with the abstract event ¢ will be executed at
most once, i.e.,: cnt(r)/ <1

By locb definition, we know 1ocb(Z‘) =1.

This case is proved.
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sub-case: [ € SCC(absG(c))A €€ dec(x)
in this case, we know locb(g) £ x.
sub-case: [ € SCC(absG(c))A €¢ Uyeyardec(x)A €¢ SCC(absG(c)/dec(x))

in this case, we know locb(€) £ x.
In the two cases above, the soundness is discussed in [6]] Section 4 of Paragraph Discussion on

Soundness in Page 25. O
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E Soundness of Adaptivity Computation Algorithm

Theorem E.1 (Soundness of AdaptSearch). For every program c, given its Program-Based Depen-
dency Graph Gest,
AdaptSearch(Gest) = Aest (Gest)-

proof Summary:
1. for every two vertices x, y with a walk ky, , from x to y on Gest,
2 if they are on the same SCC,
2.1 Then this walk must also be in this SCC. (By the property that each SCC are single direct connected,
otherwise they are the same SCC)
2.2 By LemmalE.T] 1en? of this walk is bound by the longest walk of this SCC.
2.3 The output of AdaptSearch(Gest) is greater than longest walk of a single SCC.
3. if they are on different SCC.
3.1 Then this walk can be split into 7,2 < n sub-walks, and each sub-walk belongs to a different SCC.
(Also by the property of SCC)
3.2 By LemmalE.T] 1en? of each sub-walk is bound by the longest walk of the SCC it belongs to.
3.3 By line: in algorithm, the output of AdaptSearch(Gest) is greater than sum up the len? of longest
walk in every SCC that each sub-walk belongs to.
4. Then we have AdaptSearch(Gest (€)) = Aest (€).

Proof. Taking arbitrary program c € C, let Gest (€) = (Vost, Eest, West, Qest) De its program based depen-
dency graph.
Taking an arbitrary walk ky,, € WK (Gest), with vertices sequence (x, s1,--+, ), it is sufficient to show:

len?(ky,,) = len(s|s € (x,s1,---,¥) AQ(s) = 1) < AdaptSearch(Gest (€))

By line:3 of AdaptSearch(Gest) algorithm defined in Algorithm 22, let G5C4, ... ,G5¢C, be all the strong
connected components on Gegy With 0 < 12 < |V|, where each G5¢¢; = (V;,E;,W;,Q;),

By line:5-6 in Algorithm ??, let adapt..[G5C;] be the result of AdaptSearch
Gsce,.

<cc(G5€C)) for each

There are 2 cases:

case: x,y on the same SCC
Let G5 be this SCC where vertices x and y on, by Lemma|E.1} we know

len?(ky,y) < max{len?(k)|k € WK (G5)} < AdaptSearch;,.(G5°°)

By line:15 and line:18 in AdaptSearch(Gest) algorithm in Algorithm ??, let adapt be the output value,
we know AdaptSearch(Gest(c)) = adapt = adaptigp = adaptscc(SSC).
ie.,

len?(ky,),) < AdaptSearch(Gest (€))

This case is proved.

case: x, y on different SSC

Let G5°¢,G5°¢,---,G5¢¢,,,G5%),0 < m be all the SCC this walk pass by, where each vertex in
(x,81,°*+,Sn,y) belongs to a single SCC number.

By the property of SCC, we know every 2 SCCs are single direct connected. Then we can divide this
walk into m + 2 sub-walks:
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ky = (x,81,- ) Sscey)s
k= (Ssccx;"‘ ;ssccl);

ky = (Sscepr - ,Sy);
where ky € WK (GS,), -+, ky € WK(GSCC ).
By Lemma[E-T] we know for each walk k;:

len?(k;) < max{len(k;)|k; € WK (G5;)} < AdaptSearch,, . (G°°;) = adaptgc. [GZC;]

Then we have:

len(ky,y) = len?(ky)+1leni(ki)+---+1lent(k)) < adaptscc[G°C;]+adaptsec [G5C1]+- - -+adaptgcc [G5CC

y] < adapt
, where adapt is the output of AdaptSearch(Gest). This case is proved. O

Lemma E.1 (Soundness of AdaptSearchg,.). For every program c, given its Program-Based Depen-
dency Graph Gest, if G5CCisqa strong connected sub-graph of Gest, then max{len(k)|k € WK (GZCC)} <
AdaptSearch,.(G5°°).

Vce C,65Ce§. 65C Cupapn Gest () = max{len?(k)|k € WK(G5)} < AdaptSearch;,.(G5°°)

ProofSummary:
(1) for each node x on SCC, by property of SCC, for every walk on SCC ky , = (x, 51, , X), with set
of unique vertex {vy,-, x} there are PATH (py ) on G5CC.
(2) For every path pfcyx =(x, vy, -, %) € PATH(pxx)s flowcapacity(pfc,x) is the maximum visiting
times for every v € (x, v1,---, x), visit(s)(sy, -+, X)) < flowcapacity(pfc_x);

3) querynum(pi’x) * flowcapacity(pfcyx) =1en(s|s € (s1, -+, x) AQ(s) = 1) = 1en?(k),

(4) Then, the = max = max{len(ky i)lky,x € WK(ky )}
P x€PATH(pyx)

(5) Then, max{querynum(pi,x) *flowcapacity(pfcyx) |x € GSCCApi’x € PATH(pxx)} 2 max{lenq(kfc’x) |x €
GSCAKL € WK (K, 2)}

(6) We also know by the property of SCC, Vx, y € G5, let ky, ), be arbitrary walk on G5°°, 1len(ky, ) <
max{lend(k’ )|kL . € WK (ky, ).

(7) Then,max{lend(k} ,)|x € G3C Ak} . € WK (ky,»)} = max{len(k ,)|x,y € GSCAKL |, € WK (ky,))}

i.e., max{leni(ki )|x € G5 A ki . € WK (ky, )} = max{lend(k)|k € WK(GS)} = Aegy (G5CC).

(8) We also know AdaptSearchy(G5°°) = max{querynum(py ,) * flowcapacity(pj ,)lx € G5 A

Py,x € PATH(pyx,x)} by the AdaptSearch,, algorithm.

Then we have AdaptSearch,,(G5®) = A, (G5¢°)

Proof. Taking arbitrary program c € C, let Gest (¢) = (V,E, W, Q) be its program based dependency graph
and G5¢C = (Vgec, Escer Wsee, Qsce) be an arbitrary sub SCC graph of Gegy.
There are 2 cases:

case: G5¢C contains no edge and only 1 vertex v, i.e., |[E|=0A V| =1

In this case there is no walk in this graph, i.e., WK (G5®) = @.
The adaptivity is Q(v).
This case is proved.
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case: G5CC contains at least 1 edge and at least 1 vertex v, i.e., 1 <|E|A1<|V]|
Taking arbitrary walk ky y € WK (GSCC), with vertices sequence (x, s1,--+,¥), it is sufficient to show:

len?(ky,y) = len(sls € (x,s1,-++, ) AQ(s) = 1) < AdaptSearch,,.(G5°%)

By AdaptSearch,.(G5®) algorithm line 19, in the iteration where x is the starting vertex, we know
AdaptSearch,, . (G5C) = rg.. = max(rgec, dfs(G5C, x,visited)), then it is sufficient to show:

len(s|s€ (x,s1, -+, ) AQ(s) = 1) < dfs(G%C,x,visited).

Let {vy,---,x} be the set of all the distinct vertices of ky ,’s vertices sequence (x, sy, --,¥), and
(v1,-++, x) be a subsequence containing all the vertices in {x, vy,---, y}.
By the definition of walk, there is a path py , from x to y with this vertices sequence: (x, vy,---,¥).

By line:13 of the dfs(G5°C,x,visited) in Algorithm

we know dfs(G5C, x, visited) = r[x] and r[x] = max{f lowcapacity(p)xquerynum(p)|p € PATH . »(GSC)},
where PATH . (G5€C) is a subset of PATH . (G5®), in which every path starts from x and goes back

to x.

By the property of strong connected graph, we know in this case PATH . (G5®) # @ and there are 2

cases, x =y and x # y.

case: x=y

In this case, we know py , € pe PATH,, (G5©), then it is sufficient to show:

len(s|s€ (x,s1,--+, Y) AQ(s) = 1) = flowcapacity(py,y) x querynum(py,y)

By line:7 and line:13 in Algorithm we know flowcapacity(py,y) is the maximum visiting times
forevery ve (x,vy,-++,)),

we know for every s in the vertices sequence of walk ky, y, visit(s)(x,s1,--+,y) < flowcapacity(py,y)
Also by line:8 and line:13 in Algorithm @, we know querynum(py,y) is the number of vertices with Q
equal to 1,

Then we know
len(s|s€ (x,s1,---, ) AQ(s) = 1) = flowcapacity(py,y) x querynum(py,y)
This case is proved.

case: x £y

we also have a path start from y and go back to x.

Let p,, . be this path with vertices sequence (y, v},---,x), we have a path p, , which is the path p,,
concatenated by path p, , with vertices sequence (x, vy,---, ), vi, e v;n, x), where m = 0.

Then in this case, it is sufficient to show:

len(s|s€ (x,s1,-++,¥) AQ(s) = 1) < flowcapacity(py,x) X Querynum(py, )

Since flowcapacity(py,y + py,x) is the maximum visiting times for every v € (x,vy,---,y,v},-++, %),
By line:7 in Algorithm @, we know flowcapacity(py,y) is the maximum visiting times for every
ve(x, vy, ),

we know for every s in the vertices sequence of walk ky,,, visit(s)(x, s, -+, y) < flowcapacity(py,y)
Also by line:8 in Algorithm@, we know querynum(py, ) is the number of vertices with Q equal to 1,
Then we know

len(sls€ (x,s1,---, ) AQ(s) =1) < flowcapacity(px,y) X querynum(px,y) =rlyl

By line:13, we also know r[x] = max(r([x],r[v),] + flowcapacity(pyx) x querynum(py,y), and
rlyl = r[w;n] then we know r[y] < r[x], i.e., len(s|s€ (x,s1, -, V) AQ(s) =1) = r[x]

This case is proved. O
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F Conditional Completeness of Adaptivity Computation Algorithm

Theorem F.1 (Conditional Completeness of AdaptSearch). For every program c, given its Program-
Based Dependency Graph Gest, if Gest (€) is acyclic directed, then

AdaptSearCh (Gest) = Aest (Gest)-

proof Summary:
1. for every two vertices x, y with a walk ky , from x to y on Gest,
2 since Gegt is acyclic directed, then this walk corresponds to a path py , where every vertex is visited
exactly once.
3. the query length is sum of the query annotation.
From Algorithm 2] every vertex is a SCC with only one vertex and zeor edge, its adaptivity is exactly
its query annotation.
=>1len(kyy) = ) Adapt[scc;]

ViESSC;

This is proved.

Proof. Taking arbitrary program c € C, let Gest (€) = (Vost, Eest, West, Qest) be its program based depen-
dency graph.

Let the walk kp;4x € WK (Gest (€)) be the finite walk with the longest query length, and the vertices
sequence (Sy,---,Sy), it is sufficient to show:

len(kpmax) = len(s|s € (s1,--+, Sn) A Qest (8) = 1) = AdaptSearch(Gest (¢))

In order to show the completeness, it is sufficient to show two following items,
1. By line: 15, AdaptSearch(Gest (€)) can find a path p;,4x such that adaptp, . = len(kpqax)
2. This py,y is the longest weighted path found by Ada ptSearch(Gest (€)), and adaptp,,, is returned as
the final output.
By the property of ACG, we know every s; € (s1,---,S,) shows up exactly once. Then we know this
walk is a path and

len(kpax) = Z Qest (57)

Si€(S1,7+,8n)

By line: 13, through searching on all the vertices connected on Gegt (¢) from the starting node s;, we
know that AdaptSearch(Gest (¢)) finds this path ppax = (51, , Sn).
Then, it is sufficient to show

adaptp,.. = ). Qest(si).

Si€(S1,7,8n)

By line: 15, let G5¢¢;,... G5, be all the SCC, where each vertex in (sy,---,s,) belongs to, it is
sufficient to show:

adaptscc[Gscci] = Z Qest (5i).

GSCC, e (@SCC) ... GSCC, ) Si€(S1,7++,8n)

By line:3 in Algorithm 22, let G5¢C; = (V;,E;,W;,Q;) for GS¢¢; € (GS°C4,-.-,G5¢C,,,) be the SCC found by
the standard Algorithm.,

Then, by the property of ACG, we know every ; 1s a single vertex v; without edge and Q; is the
query annotation of v;, i.e., V; = {s;} and Q; = {(s;, Qest (51))}.

So we know n=m.

GSCC
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Also by Algorithm [2]line: 4-5, we know adaptsc[G5;] = Qess (51)-
Then we can conclude:

adaptscc[GSCCi] = Z Qest (i) = Z Qest (8i)-

GSCC,€(GSCC -+ ,GSCC ) GSCC, e (GSCC, ... GSCC ) Si€(S1,+,Sn)

So we have (1). "the existence" proved. In order to show pjax is the longest path found and adapty,,.
is returned by AdaptSearch(Gest (), by line: 18, it is sufficient to show adapt = adaptp,, ..
It is sufficient to show a contradiction if adapt # adaptp,,, in following two cases:

case: adapt <adapty,,,
, it is easy to show the contradiction by line: 18 where adapt = max(adapt,adaptp,,, ) = adapty,, .

case: adapt > adapty, .

, Let p), .. be the path such that adapt = adapt, _>adapt,,, Wwith vertices sequence (s},---,s},).
Then we know p),, . corresponds to a walk k), with the same vertices sequence.

Then by the same proof above, we know lend(k},,,) = adapt,  and lend(ky,,,) > lend(kpax).
Then there is a contradiction that k},,, is the walk with the longest query length rather than k4.

Then, we have (2) proved. ]
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G The Detail Evaluation Table

Table 2: Experimental results of AdaptFun implementation

True Value AdaptFun (T11I) performance
Program ¢ lines running time (second)
Ocaml | Weight | AdaptSearch
twoRounds (k) A 2 212 8 0.0005 | 0.001710.0002 0.0003
query # k+1 k+1lk+1
multiRounds (k) A k klmax(1, k) 10 0.0012 | 0.0017 10.0002 0.0002
query # k k|-
1RGD(k, 1) A k klmax(1, k) 10 0.0015 | 0.007210.0002 0.0002
query # 2k 2k|—
mROdd (k) A 1+k 2+ max(1,2k)|—- 10 0.0015 | 0.0061 10.0002 0.0002
query # 1+2k 1+3k|—
mRSingle(k) A 2 1+ max(1, k)|—- 9 0.0011 0.007510.0002 0.0002
query # 1+k 1+kll+k
ifCD() A 3 3|3 5 0.0005 | 0.000310.0001 0.0001
query # 3 314
while(k) A 1+k/2 1+max(1, k/2)|- 7 0.0021 0.00151 0.0001 0.0001
query # 1+k/2 1+k/2|-
whileM(k) A 1+k 2+ max(1,2k)|— 9 0.0017 | 0.0062 10.0002 0.0001
query # 1+2k 1+3k|—
whileRV(k) A 1+2k 1+ 2k|1+max(1,2k) 9 0.0016 0.00561 0.0002 0.0001
query # 2+3k 2+3k|-
whileVCD(k) A 1+2Q Qm +max(1,2Qz) | - 6 0.0016 0.0007 10.0002 0.0001
query # 24+2Qm 24+2Qm |-
whileMPVCD(k) A 2+ Qm 2+2Qm |- 9 0.0017 | 0.004310.0002 0.0001
query # 2+Qm 242Qm |-
nestWhileRC(k) A 1+3k 1+3k[2+3k+ k2 11 0.019 0.2669 1 0.0002 0.0007
query # 1+3k 1+3k[1+k+ k?
nestWhileVD(k) A 2+ k? 3+ k%|— 10 0.0018 | 0.012610.0002 0.0001
query # 1+k+k? 1+k+ k|-
nestWhileRV(k) A 1+k+k? 2+ k+k2|- 10 0.0017 | 0.018610.0002 0.0001
query # 2+k+k? 2+ k+ k|-
nestWhileMV(k) A 1+2k 1+ max(1,2k)|- 10 0.0016 | 0.0071 10.0002 0.0001
query # 1+k+k? 1+k+k%|—
2 2
nestWhileMPRV() queziy . ;: I]z: I]zz 23:2kk-:kkzll_ 10 0.019 0.0999 1 0.0002 0.0002
mRComplete(k) A k k|- 27 0.0026 | 85.901710.0003 0.0004
query # k k|-
mRCompose (k) A 2k 2k|— 46 0.0036 5104 10.0003 0.0013
query # 2k 2k|-
seqCompose (k) A 12 121- 502 | 0.0426 1.274310.0003 0.0223
query # 326 326|—
tRCompose(s) A 2 ]2 42 0.0026 *10.0003 0.0005
query # 1+5k+2k? *|1+ 5k +2k?%
. A max(20,8 + k%) *|max(20,6 + k + k%) 71 0.0035 *10.0003 0.0085
JumboS (k) query # 37+ k+k? *[44 + k+ kZ
. A max(20,10+ k+ k%) | *|max(20,12+k+k%) | 502 | 0.0691 *10.0009 0.018
jumbo(k) e >
query # 270+ 22k + 10k *]286 + 26k + 10k
big(k) A 2+k+kxk *[28+ k + k? 214 | 0.0175 *10.0004 0.002
query # 110 + 10k + 4k? #[121 + 11k + 4k?

H The Programs and Codes of The Evaluated Examples in Table 2]

H.1 The Programs for Examples from line:6 - 15 in Table[2]

Example H.1 (The Complete Gradient Decent Optimization Algorithm). This example is the gradient
decent algorithm example is a generalization of the linear regression on a higher degree data relation.
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It uses gradient decent algorithm to minimize the mean square loss function for a two-degree relation
y=a x x% + ay x Xy + ¢ on the dataset of two feature columns and one indicator column.

gradientDecent(step,rate,t,n) £
[a, — 0]%
laz — 0]
[c — 01%;
[j — step]
while [j>0]* do

([dal — query (-2 (y[2] - (x[01* x a1 + x[1] x az + ¢)) x (x[0]))]
[ddz — query (=2 * (y[2] — (y[0]? x a; + x[1] x az + ¢)) x (}([1]))]6;
[de — query (=2 (y[2] - (x[012 x a1 + x[1] x az + )]’

[a; — a1 —rate = da1]7;

[a> — ap —rate * da2)®;

[c — c—rate * dc]’;

[i—i-11"):

This approach can be generalized to the regression of a variety of relations in machine learning area.

3-
’

5.
)

Example H.2 (Sequence with Linear Query Dependency). This example algorithm contains only
sequence of four query commands. Each of them depends on a previous query. The longest dependency
depth, i.e., the adaptivity is expectation to be 4.

[ — x101]% [y — xlx+11];

0=
ST ey 1) [w e yler 1)

Evaluation Result: Agst(seq()) =4

Example H.3 (Sequence with Query Dependency between Related Variables). This example algorithm
contains a sequence of four query commands. Each of them depends on one or more of the previous
queries. The longest dependency depth, i.e., the adaptivity is expectation to be 4.

[ — x101]% [y — xlx+ 1] ;

RV() £
>4 [z — xly+x1)% [w — xlz+ 1] xy1]°

Evaluation Result: Agst(seqMultiVar()) =4

Example H.4 (If with Data-Value Dependency Separated). This example algorithm contains a if
command and a query requests in each branch. Only the query in the first branch depend on the query
in the command 0, and the variable in the guard is not assigned by a query request. The longest
dependency depth, i.e., the adaptivity is expectation to be 3.

[z — query(x(0D]%;  [x— k/21%;

i fVD(k) £
' if (x<0 [y—query(ylzN]’, [y —query(xon]H

Evaluation Result: Mgt (1fVD() =3

Example H.5 (If with Data-Control Dependency Overlapped). This example algorithm contains a
if command and a query requests in each branch. The variable in the guard is assigned by a query
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request in command 1. The two queries in the branches depend on the second query in command 1
but not depend on the query in the command 0. Even though the variable x isn’t used in the query
expression in the query 3 and 4, there are still dependency relation because x is in the guard. The
longest dependency depth, i.e., the adaptivity is expectation to be 3.

[z — query(y10D)]%; [x — query(xizD]";

ifCD) = 2 3 4
if ([x <01, [y — query(x[0] + ¥ [1D]°, [y — query (x[0D])

Evaluation Result: Mg (i£CD()) =3

Example H.6 (While with Nested Query Dependency). This example algorithm contains a simple
while loop. There is one query requests in the loop body at command 3. In each iteration, the query
request depend on the query result from previous iteration. The longest dependency depth, i.e., the
adaptivity is expectation to be k.
[j — k]’ [a — query(x10D]';
whileNested(k)2 while [j>0]” do
([x —query(ylal]la—x+a%;[j—j- 1]5)

The Evaluation Result: Aqsr(whileRec(k))=1+k

Example H.7 (While with Multi-Path Query Dependency). This example algorithm contains a simple
while loop and a if command in the loop body. Each branch has a query request (in the commands
5 and 6) depend on the query at command 1 and the query at command 7. Among the IEC iterations,
result from previous iteration. The longest dependency depth, i.e., the adaptivity is expectation to be
1+2x K.
(7 — K]%[x — query(xoD];

while [j>0]° do
whileM(k) £ ([j —j-1]%

if ([j%2==0]" [y — xlx1]", [w — x1x1]%);

[x— query()((ln(y)))]7)

The Evaluation Result: Aqse(whileM(k)) =1+2 L%J

Example H.8 (While with Query Dependency through Related Variables). This example algorithm
contains a simple while loop and a sequence of three query requests in the loop body. In each
iteration, every query request depend on one or more query results from previous iteration. The longest
dependency depth, i.e., the adaptivity is expectation to be 1 +2 k.

[j = k] [x — query(x10D] s [y — query(x11D]*;
whileRV(k) £ while [j> 0]3 do

(17 = 7 =1]% [z — query(re+ ()] [x — query(x12D]% [y — query(x(zD]’)
The Evaluation Result: Aqse (whileRV(K)=1+2x*k

Example H.9 (While with Query Dependency trhough Control Flow and Data Flow). This example
algorithm contains a simple while loop and a sequence of three query requests in the loop body. The
variable in the guard is assigned by a query request in command 0. In each iteration, the query at
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3 depends on either the query at line 1, and the query result at line 4 from the previous iteration. In
each iteration, the query at 4 depends on either the query at line 0 and the query at line 3 in the same
iteration. The longest dependency depth, i.e., the adaptivity is expectation to be 1+ 2 * k.

[x — query()([O])]O; [z — query(y[0])] L
whileVCD() 2 while [x>0]? do

([x — query(x(2)]*; [z — query(x(x)]*)
The Evaluation Result: Aoy (whileVCD(k))=1+2x*k

Example H.10 (While with Multiple Path Query Dependency Dependency). This example algorithm
contains a simple while loop and a if command in the loop body. Each branch has a query request
(in the commands 5 and 6) depend on either the query at command 1 or the query at command 7. The
longest dependency depth, i.e., the adaptivity is expectation to be 2 + k.

[x«—query(k)]o;[y<—0]l; while [x>0]% do
(if ([y>0]% [y — query(x112D]*, [w — query(y[9D]*);
lx = x—11°);

[y — query(x(n(y))]’

whileMPVCD(k) £

The Evaluation Result: Aesr (whileMPVCD(k)) =2+ k

Example H.11 (Nested While with Nested Query Dependency). This example algorithm contains two
nested while loops. The query in the outer loop at line 5 depends on either the query at line 1 or the
query results at line 8 from the previous iteration of the inner loop. The longest dependency depth, i.e.,
the adaptivity is expectation to be 2 + k.

[i — k1% [x — query(y[0D];
nestWhileVn(k) 2 while [i >0/ do ([i —i—11%[j — K]* [y — query(x(n(v)]’;

while [j>0]° do ([] —j-1]"[x— query()((ln(X)))]g))
The Evaluation Result: Agsr (nestWhileVD(k)) = 2 + k2

Example H.12 (Nested While with Query Dependency through Related Variables). This example
algorithm contains two nested while loops, one query in the outer loop, and one query in the inner loop.
The query in the outer loop at line 8 depends on only the query result at line 7 from the last iteration of
the inner loop. However, the query at line 7 depends on either the query at line 1 the query results at
line 8 from the previous iteration. The longest dependency depth, i.e., the adaptivity is expectation to
be1+2xk.
[i — k1% [x — query(y[0D] ;

while [i >0/ do ([i—i-11%[j — k]’
nestWhileRV(H)E = 5 .16 7
while [j>0]> do ([] —j=1]" [y < query(y(x) + y(1)] );

[x— query()((ln(y)))]g)

The Evaluation Result: Aqsi(nestWhileRV(k))=1+2x*k
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Example H.13 (Nested While with Nest Query Dependency and Related Variable Accross Outer and
Inner Loop). This example algorithm contains two nested while loops, one query in the outer loop,
and one query in the inner loop as well. The two queries depend on both the query results assigned to

themselves in previous iteration. The longest dependency depth, i.e., the adaptivity is expectation to be
1+ k+ k2.

[i — k1% [x — query(y[0D)]"; [y — query(x[1)]%; while [i >0]® do
nestwhileMR(k) 2 ([i —i-11% [j — k|’ [y — query(rntx) + y)|
while [j>0]" do ([j— j-1]%[x —query(y(n(y) + yxD]°))

The Evaluation Result: Aqsi(nestWhileMR(k)) =1+ k+ K2
Reachability Bound The Evaluation Result:

weight for Variable: j of label 6 is: 0 + 0+ 1 *k *k
weight for Variable: y of label 7 is: 0 + 0 + 1 *k *k
weight for Variable: j of label 4 is: 0 + 1 * k

weight for Variable: i of label 3 is: 0 + I * k

weight for Variable: x of label 8 is: 0 + 1 * k

weight for Variable: x of label 1 is: 1

weight for Variable: i of label 0 is: 1

Example H.14 (Nested While with MultiplePath and Nested Recursive Multiple Variable Data-Value
Dependency Across Outer and Inner Loop). We then show a more complex example with nested while
command and nested data-flow across the outer and inner while loop through multiple variables. This
example also contains the if command with data dependency occurred through the if guard. The longest
dependency depth, i.e., the adaptivity is expectation to be 1+ k + k2.

[i — k1% [x — query(x[0D]"; [y — query(y[1)]%;

while [i>0]® do ([i —i—11%[j — k]

nestWhileMPRV(k) £ 6 ( L 7] 3
if ((x>01° [y — query(y(n(x) + y)]’, [y — query(x (x)]);

wvhile [j>0]° do ([j<—j—1]10;[x<—query()((ln(y))+)([x])]u))

The Evaluation Result: Aest (nestWhileMPRV(k)) =1+ k + k?
Reachability Bound The Evaluation Result:
weight for Variable: j of label 10is: 0+ 0+ 1 *k *k
weight for Variable: x of label 11is: 0+0+ 1 *k *k
weight for Variable: y of label 7is: 0 + 1 * k
weight for Variable: y of label 8 is: 0 + 1 * k
weight for Variable: j of label 5is: 0+ 1 * k
weight for Variable: i of label 4is: 0+ 1 * k
weight for Variable: y of label 2 is: 1
weight for Variable: x of label 1 is: 1
weight for Variable: i of label O is: 1

H.2 The Programs for Examples from line:16 - 20 in Table2]

Example H.15 (mRCompose). The composed multiple rounds program:
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[ J <-N1]O0;
o[ 1 <=0 ] 1 ;
3[ cs <— -11] 2 ;
4 [ ns <— -1 ] 3 ;

swhile [ < (0, j) ] 4 do {
o[ j <= = (3, 1) ] 5;

7[ cs <=+ (cs, 0 ) ] 6;
8[ ns <- + (ns, 0) ] 7 };

o [w <—- k] 8;

owhile [< (0, w)] 9 do {

[ w<- - (w, 1 ) ] 10;
[ p<-c] 11;

[ g <=-c ] 12;

[ a <- query ( 1 ) ] 13 ;
[ 1 <—- N ] 14;

» N =

=

5

1
1
1
13
1
1
1

6 while [ < (0, i) ] 15 do {

17 [ i <- - (i, 1) ] 16;

18 [ csi <- + (csi, * (- (a, p), — (q, p))) 1 17;
19 if [ > (i , 1) ] 18

20 then { [ nsi <- + (nsi, * (- (a, p), - (q, p)) ) ] 19 }
21 else { [ nsi <— nsi ] 20 }

22 }r

23 [ 12 <- N ] 21;

24 while [ < (0, 1i2) ] 22 do {

25 [ i2 <- - (i2, 1) ] 23;

26 if [ > (nsi , 1) ] 24

27 then { [ 1 <-4+ (1 , 12 ) ] 25 }

28 else { [ 1 <—1 ] 26 }

29 }

30 };

31 [w <= k] 27;
32 while [< (0, w)] 28 do {

33 [ w<-—- (w, 1) ] 29;

34 [ p <-c ] 30;

35 [ g <- ¢ ] 31;

36 [ a <- query ( 1 ) ] 32 ;

37 [ i <- N ] 33;

38 while [ < (0, i) ] 34 do {

39 [ 1 <- — (i, 1) ] 35;

40 [ csi <= + (csi, * (= (a, p), - (g, p))) ] 36;
41 if [ > (i , 1) ] 37

a2 then { [ nsi <- + (nsi, * (- (a, p), - (g, p)) ) ] 38 }
43 else { [ nsi <— nsi ] 39 }

44 };

45 [ 12 <- N ] 40;

46 while [ < (0, 12) ] 41 do {

47 [ 12 <- - (12, 1) ] 42;

48 if [ > (nsi , 1) ] 43

49 then { [ 1 <=+ (1 , 12 ) ] 44 }

50 else { [ 1 <=1 ] 45 }

51 }

52}

Example H.16 (tRCompose). The composed two rounds program:

~ ~
I~ e
A

|

ey
~ o
Ne N

N —
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swhile [ > (i, 0) ] 2 do {

4 1 <= - (i, 1 ) ] 3 ;

s[ a <- query ( - (k, 1) ) ] 4 ;
6[ 1 <=+ (1, a) ] 5

y <- query ( 1) ] 6;
Jj <=k 1 7;
1 <-01] 8 ;
while [ > (3, 0) ] 9 do {
[ J <=-—- (3, 1) ] 10 ;
[ a <- query ( - (k, 7)) ] 11 ;
a1 <=+ (1, a ) ] 12;
[
[

s[ 1 <— k ] 13 ;

1 <-01] 14 ;

7while [ > (i, 0) ] 15 do {

8§ [ 1 <= - (i, 1 ) ] 16 ;

9 [ a <- query ( - (k, 1) ) ] 17 ;
w0 [ 1 <=+ (1, a ) ] 18

21}

2 };

»[ 1 <-k ] 19 ;

4 [ 1 <—= 0 ] 20 ;

»swhile [ > (i, 0) ] 21 do {

%[ 1 <- - (1, 1 ) ] 22 ;

[ a<- query ( - (k, 1) ) ] 23 ;
w[ 1 <=+ (1, a ) ] 24

29 };

30 [ 1 <=k ] 25 ;

3 1 <=0 ] 26 ;

2while [ > (i, 0) ] 27 do |

B[ i <-- (1, 1 ) ] 28 ;

[ a <- query ( - (k, 1) ) ] 29 ;
5[ 1 <=+ (1, a ) ] 30

1
1
1
1
1
15
1
1
1
1

36 };
37 while [ > (j, 0) ] 31 do {
[ j <= - (3, 1) 1 32;

[ a <= query ( - (k, j) ) ] 33 ;
w0 [ 1 <=+ (1, a ) ] 34;

a1 [ 1 <— k ] 35 ;

©w [ 1 <=0 ] 36 ;

©3while [ > (i, 0) ] 37 do {

[ 1 <= - (1, 1 ) ] 38 ;

45 [ a <- query ( - (k, 1) ) ] 39 ;
46 [ 1 <=+ (1, a ) ] 40

47}

48 };

29[ y <— query ( 1 ) ] 41

Example H.17 (seqCompose). The composed two rounds program:

I [ x <- query (0 ) ] 0 ;
o[ y <— query ( x ) ] 1 ;
3 [ z <- query (y ) ] 2 ;
4f[a<-+ (x, 0) ] 3;
s[ b <=+ (a z) ] 4;
6[ ¢ <—+ (a, b ) ] 5;
7[ w <- query (a ) ] 6 ;
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8 [ x <- query ( b ) ] 7 ;
9 [ y <- query (c ) ] 8 ;
w[ z <- query (z ) ] 9 ;
[ w <- query ( z ) ] 10 ;
o[ d<-+ (x, w) ] 11 ;
B3l e <-+ (c, z) ] 12 ;
4[ £f <-+ (a, b ) ] 13 ;
15[ x <— query ( 0 ) ] 14 ;
6[ y <— query ( x ) ] 15 ;
17 [ z <—- query (y ) ] 16 ;
8 [ x <- query ( z ) ] 17;
w[ g<-+ (f, w) ] 18 ;
0[ h <—-+ (c¢c, x) ] 19 ;
0 [ 1 <=+ (w, e ) ] 20 ;
2 [ z <- query ( x ) ] 21 ;

wif [ > (x , 0) ] 22

2then { [ y <— query ( 0 ) ] 23 }

»selse { [ w <— query ( 0 ) ] 24 };
[ x <- - (y, w) ] 25 ;

w [ j <= 5] 26 ;

%[ x <- query ( chi : x : ) ] 27 ;

29 [y <— query ( chi : x :) ] 28 ;

o[ F<—- (34, 1) 129 ;

svif [ < (7, 5) ] 30

w2then { [ yv <- query ( chi : x :) ] 31 }
s3else { [ w <- query ( chi : x : ) ] 32 } ;
[ x <— query ( chi : vy : ) ] 33;

5[ y <- query ( x ) ] 34 ;

36 [ z <- query ( + (x, y) ) ] 35 ;
37 [ w <— query ( * (chi : y : , chi : z :) ) ] 36;
[ z <- query (w ) ] 37 ;

[ g<-+ (f, z) ] 38 ;

w0 [ h <-4+ (c, x ) ] 39 ;

s [ 1 <=+ (w, g) ] 40 ;

© [ z <— query ( x ) ] 41 ;

B[ e <-+ (c, z) ] 42 ;

wmf[ £ <—+ (a, 1 ) ] 43 ;

45 [ x <— query ( 0 ) ] 44 ;

46 [ y <— query ( x ) ] 45 ;

w7 [ z <- query (y ) ] 46 ;

[ z <— query ( z ) ] 47;

w9 [ x <=/ (k, 2 ) ] 48 ;

soif [ > (x , 0) ] 49
sithen { [ y <— query ( z ) ] 50 }
sselse { [y <— query ( 0 ) ] 51 } ;
ss[ 1 <- k] 52 ;

s4 [ x <— query (y ) ] 53 ;

55 [y <= query ( x ) ] 54 ;

s6 [ 9w <—- - (w, 1 ) ] 55 ;

s7[ 1 <= - (i, 1) ] 56 ;

$ [y <= query ( + (z, y) ) 1 57 ;
s9[ j <—k ] 58 ;

60 [y <- query ( chi : x :) ] 59;
6t [ J <= - (j, 1) ] 60 ;

[ x <- query ( + ( x, y) ) ] 61;
3 [ j <= N ] 62 ;

64 [ 1 <— x ] 63 ;
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65 [ cs <—- -1 ] 64 ;
66 [ ns <— -1 ] 65 ;

67 [ y <- query ( chi : x :) ] 66 ;
[ j <——- (3, 1) 1 67;

/[ cs <—+ (cs, 0 ) ] 68 ;

70[ ns <— + ( ns, 0 ) ] 69 ;

71 [w <= k] 70;

7o [w<- - (w, 1 )] 71 ;

73 [ w<--(w, 1) ] 72 ;

74 [ p <-c ] 73;

75 [ g <-c ] 74;

76 [ a <- query ( 1 ) ] 75 ;

77 [ 1 <- N ] 76;

78 [ w<—- = (w, 1) ] 77 ;

79 [ 1 <- - (i, 1) ] 78;

80 [ csi <= + (csi, » (- (a, p), (g, p))) 1
81 if [ > (i , I) ] 80

82 then { [ nsi <- + (nsi, * (- (a, p), -
83 else { [ nsi <— nsi ] 82 };
84 [ 12 <- N ] 83;

85 [ v <- query ( chi : x :) ] 84 ;
86 [ i2 <- - (12, 1) ] 85;

87 if [ > (ns , I) ] 86

88 then { [ 1 <- + ( 1 i2 ) ] 87 }
89 else { [ 1 <— 1 ] 88 };
90 [ x <— query ( cs ) ] 89 ;

91 [ y <- query ( x ) ] 90 ;

[ z <= query ( ns ) ] 91 ;

%[ w <- query ( z ) ] 92 ;

“ [ a <-x ] 93 ;

s [ c <-z ] 94 ;

9% [ 7 <=k ] 95 ;

97 [y <- query ( chi : x :) ] 96 ;

98 [ da <- query ( * (a, c ) ) ] 97 ;
9 [ dc <- query ( » (a, c ) ) ] 98 ;
o [ a <- - (a, da) ] 99 ;

o1 [ ¢ <- - (c, dc) ] 100 ;

[ j <--(j, 1 ) ] 101 ;

103 [ x <— query ( 0 ) ] 102 ;

4 [y <= query ( cs ) ] 103 ;

05 [ z <— query ( c ) ] 104 ;

w6 [ w <— query ( z ) ] 105 ;

107 [ x <= query ( 0 ) ] 106 ;

s [y <— query ( x ) ] 107 ;

109 [ z <— query (y ) ] 108 ;

1o [ w <-= query ( z ) ] 109 ;

1 [ x <- query ( 0 ) ] 110 ;

12 [y <- query ( x ) ] 111 ;

13 [ z <— query ( + (x, y) ) ] 112 ;

14 [ w <= query ( * (chi : y : , chi z :) ) ] 113 ;
s [ z <- query (w ) ] 114 ;

16 [ x <- query (e ) ] 115 ;

n7if [ > (x , 0) ] 116

1isthen { [ y <- query ( 0 ) ] 117 }
1nvelse { [ w <— query ( 0 ) ] 118 }

120 [ a <- x ] 119 ;

12

z ] 120 ;

7
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12 [ j <=k ] 121 ;
123 [ ¢cs <= + ( cs, 0 )
124 [ ns <- + ( ns, 0 )
25 [ 1 <= k ] 124 ;
126 [ x <— query ( 0 ) ] 125 ;

127 [ y <- query ( cs ) ] 126 ;

128 [ w <= - (w, 1) ] 127 ;

129 [ 1 <— - (i, 1) ] 128 ;

130 [ j <=k ] 129 ;

31if [ > (x , 0) ] 130

32then { [ y <- query ( + ( chi : x : , chi : vy : ) ) ] 131
33else { [y <- query ( chi : x : ) ] 132 } ;

134 [ y <- query ( chi : x :) ] 133 ;

s [ <= - (4, 1) ] 134 ;

136 [ x <— query ( + ( x, y) ) ] 135;

137 [ x <- query ( z ) ] 136 ;

138 [ y <- query ( cs ) ] 137 ;

139 [ z <— query ( c ) ] 138 ;

140 [ w <= query ( z ) ] 139 ;

41 [y <— query ( x ) ] 140 ;

142 [ z <= query ( + (x, y) ) ] 141 ;

143 [ w <= query ( * (chi : y : , chi : z :) ) ] 142 ;
144 [ z <— query ( 0 ) ] 143 ;

4sif [ > (x , 0) ] 144
146 then { [ y <- query ( x ) ] 145 }
47else { [ w <— query ( z ) ] 146 } ;

148 [y <—- query ( cs ) ] 147 ;

149 [z <= query ( c ) ] 148 ;

150 [ w <— query ( z ) ] 149 ;

151 [ x <— query (w ) ] 150 ;

152 [ y <- query ( x ) ] 151 ;

153 [ z <— query (y ) ] 152 ;

154 [ w <— query ( z ) ] 153 ;

155 [ x <= query ( 0 ) ] 154 ;

156 [y <— query ( x ) ] 155 ;

157 [ z <- query ( + (x, y) ) 1 156 ;
158 [ w <- query (  (chi : vy : , chi : =z :) ) ] 157 ;
159 [ z <— query ( 0 ) ] 158 ;

160 [ x <— query (w ) ] 159 ;

61 [ 1 <— k ] 160 ;

12 [ x <- query ( chi : cs : ) ] 161 ;
63 [ w<—- - (w, 1) ] 162 ;

64 [ 1 <— — (i, 1) ] 163 ;

65 [ j <= k ] 164 ;

166 [y <— query ( chi : x : ) ] 165 ;
167 [y <—= query ( chi : x :)] 166;
68 [ § <= - (3, 1) ] 167 ;

19 [ x <— query ( chi : x : ) ] 168;
170 [ x <—- query ( cs ) ] 169 ;

171 [y <- query ( x ) ] 170 ;

172 [ z <- query ( ns ) ] 171 ;

173 [ w <= query ( z ) ] 172 ;

174 [ a <- x ] 173 ;

175 [ ¢ <=z ] 174 ;

176 [ j <— k ] 175 ;

177 [y <—- query ( chi : x :) ] 176 ;
178 [ da <- query ( * (a , c ) ) ] 177 ;
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179 [ dc <- query ( » (a , c ) ) ] 178 ;

80 [ a <- - (a, da) ] 179 ;
181 [ ¢ <— = (¢, dc) ] 180 ;
[ j <= - (j, 1) ] 181 ;
183 [ x <— query ( 0 ) ] 182 ;
184 [y <— query ( cs ) ] 183 ;
185 [ z <—= query ( c ) ] 184 ;
186 [ w <— query ( z ) ] 185 ;
187 [ x <— query ( 0 ) ] 186 ;
188 [y <— query ( x ) ] 187 ;
189 [ z <— query (y ) ] 188 ;
190 [ w <— query ( z ) ] 189 ;
91 [ x <= query ( 0 ) ] 190 ;
192 [y <- query ( x ) ] 191 ;
193 [ z <—- query ( + (x, y) ) ] 192 ;
94 [ w <= query ( + (chi : vy : , chi : =z :) ) ] 193 ;
s [ b <—= + (a, z ) ] 194 ;
9 [ ¢ <— + (a, b ) ] 195 ;
197 [ w <—= query (a ) ] 196 ;
98 [ x <— query ( b ) ] 197 ;
19 [y <— query ( c ) ] 198 ;
200 [ z <— query ( z ) ] 199 ;
201 [ w <— query ( z ) ] 200 ;
20 [ j <= = (w, 1 ) ] 201 ;
203 [ x <— query ( 0 ) ] 202 ;
204 [y <— query ( cs ) ] 203 ;
205 [ z <— query ( c ) ] 204 ;
206 [ w <— query ( z ) ] 205 ;
207 [ x <— query ( 0 ) ] 206 ;
08 [y <— query ( x ) ] 207 ;
200 [ z <— query (y ) ] 208 ;
200 [ w <— query ( z ) ] 209 ;
2011 [ x <= query ( 0 ) ] 210 ;
o[ d<—-+ (x, w) ] 211 ;
e <-+ (¢, z ) ] 212 ;
24 [ £ <=+ (a, b ) ] 213 ;
215 [ x <— query ( w ) ] 214 ;
2060 [ y <— query ( x ) ] 215 ;
207 [ z <— query (y ) ] 216 ;
28 [ x <— query ( z ) ] 217;
29 [ g <=+ (£, w ) ] 218 ;
2w [ h <— + (¢, x ) ] 219 ;
[ 1 <=+ (w, e ) ] 220 ;
20 [ z <- query ( x ) ] 221 ;
23 [ ¢s <— + (cs, 0 ) ] 222 ;
24 [ ns <- + ( ns, 0 ) ] 223 ;

25 [ 1 <—- k ] 224 ;

26 [ x <= query ( z ) ] 225 ;

27 [ y <- query ( cs ) ] 226 ;

28 [ w <— - (w, 1) ] 227 ;

29 [ 1 <= - (i, 1) ] 228 ;

20 [ j <— k ] 229 ;

w1if [ > (x , 0) ] 230

232then { [ vy <- query ( + ( chi : x : , chi : y : ) ) ] 231 }
s33else { [ y <— query ( chi : x : ) ] 232 } ;
24 [ y <- query ( chi : x :) ] 233;

»ns [ Jj <= - (j, 1) 1 234 ;
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236 [
237 [
238 [
239 [
240 [
241 [
242 [
243 [
244 [

X
X
Y
z
w
y
z
w
z

<- query
<- query
<- query
<- query
<- query
<- query
<- query
<- query
<- query

usif [ > (x ,
246 then { [ y <— query ( x ) ] 245 }
mrelse { [ w <= query ( z ) ] 246 }

w8 [y <— query ( cs ) ] 247 ;

29 [ z <— query ( c ) ] 248 ;

250 [ w <— query ( z ) ] 249 ;

51 [ x <—- query ( w ) ] 250 ;

22 [y <— query ( x ) ] 251 ;

53 [ z <— query (w ) ] 252 ;

254 [ w <— query ( z ) ] 253 ;

55 [ x <— query ( 0 ) ] 254 ;

%56 [y <— query ( x ) ] 255 ;

57 [ z <— query ( + (x, y) ) ] 256 ;
258 [ w <— query ( * (chi : y : , chi
259 [ z <— query ( 0 ) ] 258 ;

00 [ x <— query ( w ) ] 259 ;

wl [ 1 <— k ] 260 ;

202 [ x <— query ( chi : cs ) ] 261
603 [ w <= - (w, 1 )] 262 ;

w4 [ 1 <— — (i, 1) ] 263 ;

205 [ j <— k ] 264 ;

w6 [y <— query ( chi : x ) ] 265 ;
w1 [ w <—- - (w, 1 ) ] 266;

w8 [ j <= — (j, 1) ] 267 ;

2609 [ x <— query ( chi : x ) ] 268;

(

(

+ (x, y) ) 1 235
(z ) ] 236 ;
cs ) ] 237 ;

) ] 238
) ] 239
) ] 240
(x, y) )

x + X N QO

(=

) ] 243

0) ] 244

7
7

’

(chi : y :

’

] 241 ;
, chi

270 [ x <— query ( cs ) ] 269 ;
<- query ( x ) ] 270

271 [
272 [
2713 [
274 [
275 [
276 [
2717 [
278 [
279 [
280 [
281 [
282 [
283 [
284 [
285 [
286 [
287 [
288 [
289 [
290 [
291 [

292 [

y
z
w
a
@
7

<- query
<- query

(
(

<-x ] 273
<-z ] 274
<-k ] 275

ns ) ] 271
z ) ] 272

’

y <- query ( chi : x :) ] 2
da <- query ( » (a, c ) ) ]
c) )1

dc <- query ( * ( a ,
da) ] 279 ;
dc) ] 280 ;

NoX £ NN X E NN X WO

<- - (a/
<= - (C,
<- - (_7/
<- query
<- query
<- query
<- query
<- query
<- query
<- query
<- query
<- query
<- query

1

) ] 281 ;

’

7

(a) ] 282 ;
cs ) ] 283 ;

~ N~~~ —~ —~

284
285
286
287
288
289
290
291

X O NN X I N Q
o S S S S S S S
—_— e e e e e

;

7

6
2
2

’

7

7
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;

7
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8)
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293 [ z <= query ( + (x, y) ) ] 292 ;
294 [ w <— query ( * (chi : y : , chi z ) ) ] 293 ;
295 [ z <— query ( 0 ) ] 294 ;

29 [ x <— query ( w ) ] 295 ;

wr1f [ > (x , 0) ] 296

wsthen { [ y <- query ( 0 ) ] 297 }
welse { [ w <— query ( 0 ) ] 298 } ;
30[ a <—- x ] 299 ;

301 [ ¢ <— z ] 300 ;

32 [ § <= k ] 301 ;

303 [ ¢s <—- + (cs, 0 ) ] 302 ;

34 [ ns <— + ( ns, 0 ) ] 303 ;

305 [ 1 <— k ] 304 ;

36 [ x <— query ( 0 ) ] 305 ;

307 [ y <- query ( cs ) ] 306 ;

308 [ w <= — (w, 1 ) ] 307 ;

30 [ 1 <— - (i, 1) ] 308 ;

i [ j <= k ] 309 ;

snif [ > (x , 0) ] 310

sinthen { [ y <- query ( + ( chi : x , chi :y : ) ) ] 311
sz3else { [ y <—- query ( chi : x ) ] 312 } ;
314 [y <— query ( chi : x :) ] 313;
3is [ § <—- - (3, 1) ] 314 ;

sie [ x <— query ( + ( x, y) ) ] 315;
31m[ x <- query ( c ) ] 316 ;

318 [y <— query ( cs ) ] 317 ;

39 [ z <= query ( c ) ] 318 ;

320 [ w <- query ( z ) ] 319 ;

21 [ y <—- query ( x ) ] 320 ;

322 [ z <= query ( + (x, y) ) ] 321 ;
323 [ w <— query ( * (chi : y : , chi z :) ) ] 322 ;
2 [ z <— query ( 0 ) ] 323 ;

s51if [ > (x , 0) ] 324

36then { [ y <- query ( w ) ] 325 }
relse { [ w <— query ( z ) ] 326 } ;
38 [ y <- query ( cs ) ] 327 ;

32 [ z <—- query ( c ) ] 328 ;

330 [ w <— query ( z ) ] 329 ;

331 [ x <- query ( 0 ) ] 330 ;

3 [ y <- query ( x ) ] 331 ;

333 [ z <— query (y ) ] 332 ;

34 [ w <= query ( z ) ] 333 ;

35 [ x <—- query (y ) ] 334 ;

336 [y <- query ( x ) ] 335 ;

337 [ z <— query ( + (x, y) ) ] 336 ;
38 [ w <—- query ( x (chi : y : , chi z :) ) ] 337 ;
339 [ z <—= query ( 0 ) ] 338 ;

340 [ x <= query ( w ) ] 339 ;

341 [ 1 <— k ] 340 ;

342 [ x <= query ( chi : cs ) ] 341 ;
3 [ w <= - (w, 1 ) ] 342 ;

4 [ 1 <— — (i, 1) ] 343 ;

5 [ § <= k ] 344 ;

346 [y <= query ( chi : x ) ] 345 ;
347 [ y <= query ( chi : x :)] 346;

a8 [ § <— = (7, 1) ] 347 ;

349 [ x <—= query ( chi : x ) ] 348;
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350 [ x <— query ( cs ) ] 349 ;
351 [ y <— query ( x ) ] 350 ;
32 [ z <- query ( ns ) ] 351 ;
353 [ w <— query ( z ) ] 352 ;
354 [ a <— x ] 353 ;
355 [ ¢ <— z ] 354 ;

J

356 [ <- k ] 355 ;

357 [y <- query ( chi : x :) ] 356
358 [ da <- query (  (a , c ) ) ] 35
359 [ dc <- query ( x (a , c ) ) ] 35
%0 [ a <- - (a, da) ] 359 ;

61 [ ¢ <= - (¢, dc) ] 360 ;

32 [ J <= = (j, 1) ] 361 ;

363 [ x <— query ( 0 ) ] 362 ;

364 [y <— query ( cs ) ] 363 ;

35 [ z <— query ( c ) ] 364 ;

366 [ w <— query ( z ) ] 365 ;

367 [ x <= query ( 0 ) ] 366 ;

38 [y <— query ( x ) ] 367 ;

30 [ z <— query (y ) ] 368 ;

370 [ w <= query ( z ) ] 369 ;

3711 [ x <—- query ( 0 ) ] 370 ;

3sn [y <- query ( x ) ] 371 ;

33 [ z <— query ( + (x, y) ) 1 372 ;
374 [ w <- query ( * (chi : y : , chi
355 [ z <— query ( 0 ) ] 374 ;

376 [ x <= query ( w ) ] 375 ;

3mif [ > (x , 0) ] 376

3isthen { [ y <— query ( x ) ] 377 }
swelse { [ w <= query ( 0 ) ] 378 }
30 [ a <— x ] 379 ;

1 [ ¢ <—- z ] 380 ;

[ j <= k ] 381 ;

83 [ ¢cs <— + (cs, 0 ) ] 382 ;

%4 [ ns <— + ( ns, 0 ) ] 383 ;

%5 [ 1 <— k ] 384 ;

3% [ x <— query ( 0 ) ] 385 ;

387 [ y <— query ( cs ) ] 386 ;

% [ w <= - (w, 1 ) ] 387 ;

%0 [ 1 <— — (i, 1) ] 388 ;

390 [ j <— k ] 389 ;

11if [ > (x , 0) ] 390

~N N

8

3othen { [ y <— query ( + ( chi : x :
1 392 } ;

3s3else { [ y <- query ( chi : x : )
394 [y <— query ( chi : x :) ] 393;

95 [ § <= = (3, 1) ] 394 ;

39 [ x <= query ( + ( x, y) ) ] 395;
397 [ x <= query ( 0 ) ] 396 ;

38 [ y <— query ( cs ) ] 397 ;

39 [ z <= query ( c ) ] 398 ;

400 [ w <— query ( z ) ] 399 ;

401 [ y <= query ( x ) ] 400 ;

402 [ z <— query ( + (x, y) ) ] 401 ;
403 [ w <— query ( % (chi : y : , chi
404 [ z <= query ( 0 ) ] 403 ;

aws1f [ > (x , 0) ] 404
4060 then { [ y <- query ( w ) ] 405 }

7

7

VA

4

zZ

) ) 1 373 ;

chi : y : )

) ) ] 402 ;
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1w07else { [ w <— query ( z ) ] 406 } ;

408 [y <— query ( cs ) ] 407 ;
409 [ z <= query ( c ) ] 408 ;
410 [ w <= query ( z ) ] 409 ;
411 [ x <= query ( 0 ) ] 410 ;
anif [ > (w , 0) ] 411

4s3then { [y <= w ] 412 }
s14else { [ w <— query ( z ) ] 413 } ;

415 [ x <= query ( w ) ] 414 ;
416 [y <— query ( x ) ] 415 ;
417 [ z <— query (y ) ] 416 ;
418 [ x <— query ( z ) ] 417;
a9 [ g <=+ (£, w ) ] 418 ;
20 [ h <— + (¢, x ) ] 419 ;
i [ 1 <—+ (w, e ) ] 420 ;
40 [ z <= query ( x ) ] 421 ;
w23 [ ¢cs <= + (cs, 0 ) ] 422 ;
424 [ ns <- + ( ns, 0 ) ] 423 ;

405 [ 1 <- k ] 424 ;

06 [ X <— query ( z ) ] 425 ;

427 [ y <- query ( cs ) ] 426 ;

08 [ w <—- - (w, 1 ) ] 427 ;

420 [ 1 <= — (i, 1) ] 428 ;

430 [ F <=k ] 429 ;

ws1if [ > (x , 0) ] 430

42then { [ y <- query ( + ( chi : x : , chi :y : ) ) ] 431
433else { [ y <- query ( chi : x : ) ] 432 } ;
434 [ 'y <— query ( chi : x :) ] 433;

B35 [ F <= = (7, 1) ] 434 ;

436 [ x <— query ( + ( x, y) ) 1 435 ;

137 [ x <— query ( z ) ] 436 ;

438 [y <— query ( cs ) ] 437 ;

439 [ z <—= query ( c ) ] 438 ;

40 [ w <— query ( z ) ] 439 ;

41 [y <— query ( w ) ] 440 ;

442 [z <= query ( + (x, y) ) ] 441 ;

443 [ w <— query ( * (chi : y : , chi : z :) ) ] 442 ;
44 [z <— query ( 0 ) ] 443 ;

wasif [ > (x , 0) ] 444
s#othen { [ y <— query ( x ) ] 445 }
ur7else { [ w <— query ( z ) ] 446 } ;

48 [y <— query ( cs ) ] 447 ;

49 [ z <— query ( c ) ] 448 ;

450 [ w <— query ( z ) ] 449 ;

451 [ x <= query ( w ) ] 450 ;

452 [y <= query ( x ) ] 451 ;

453 [ z <— query ( w ) ] 452 ;

454 [ w <= query ( z ) ] 453 ;

455 [ x <= query ( 0 ) ] 454 ;

456 [ 'y <— query ( x ) ] 455 ;

457 [ z <-= query ( + (x, y) ) ] 456 ;
458 [ w <— query ( % (chi : y : , chi : z :) ) ] 457 ;
459 [ z <= query ( 0 ) ] 458 ;

460 [ X <— query ( w ) ] 459 ;

4061 [ 1 <— k ] 460 ;

42 [ x <— query ( chi : cs : ) ] 461 ;
463 [ 1 <— — (i, 1) ] 462;
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464 [ 1 <— — (i, 1) ] 463 ;

4065 [ F <= k ] 464 ;

46 [ y <— query ( chi : x : ) ] 465 ;
401 [ J <= = (J, 1) ] 466;

ws [ F <= = (3, 1) ] 467 ;

469 [ x <= query ( chi : x : ) ] 468;
470 [ x <— query ( cs ) ] 469 ;

411 [ y <— query ( x ) ] 470 ;

42 [ z <— query ( ns ) ] 471 ;

43 [ w <= query ( z ) ] 472 ;

474 [ a <—= x ] 473 ;

475 [ ¢ <= z ] 474 ;

46 [ § <=k ] 475 ;

477 [ da <- query ( * (a , c ) ) ] 476;
478 [ da <— query ( * (a , c ) ) 1 477 ;
479 [ dc <— query ( = (a , c ) ) ] 478 ;
480 [ a <= - (a, da) ] 479 ;

81 [ ¢ <= = (c, dc) ] 480 ;

a2 [ j <= = (3, 1 ) ] 481 ;

483 [ x <— query ( a ) ] 482 ;

a4 [ y <- query ( cs ) ] 483 ;

485 [ z <— query ( c ) ] 484 ;

480 [ w <— query ( z ) ] 485 ;

487 [ x <— query ( w ) ] 486 ;

488 [y <— query ( x ) ] 487 ;

489 [ z <— query (y ) ] 488 ;

290 [ w <— query ( z ) ] 489 ;

191 [ x <= query ( 0 ) ] 490 ;

49 [y <— query ( x ) ] 491 ;

93 [ z <— query ( + (x, y) ) ] 492 ;

194 [ w <= query ( * (chi : y : , chi : z :) ) ] 493 ;
495 [ z <— query ( 0 ) ] 494 ;

19 [ x <— query ( w ) ] 495 ;

1971 [ > (x , 0) ] 496

19sthen { [ y <— query ( 0 ) ] 497 }
199 else { [ w <—= query ( 0 ) ] 498 } ;
500 [ a <— x ] 499 ;

s00 [ ¢ <= z ] 500 ;

500 [ r <— query ( c ) ] 501

Example H.18 (jumboS). The composed program with nested loops.

I [ x <- query (0 ) ] 0 ;
> [ v <- query (x ) ] 1 ;
s3[ z <-query (y ) ] 2;
4[ a<-+ (x, 0) ] 3;
s[ b <-4+ (a, z ) ] 4 ;
6[ ¢c <—+ (a b)) ] 5;
7[ w <—- query (a ) ] 6 ;
8 [ x <- query ( b ) ] 7 ;
o[ y <= query (c ) ] 8 ;
w[ z <- query (z ) ] 9 ;
[ w<- query ( z ) ] 10 ;
/[ d<-+ (x, w) ] 11 ;
B[ e<-+ (c, z) ] 12 ;
4[ £ <=+ (a, b ) ] 13 ;
15[ x <- query ( 0 ) ] 14 ;
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N ORTQ X NN
A
|

»if [ >
24 then |
»selse {
% [ x <—
277 [ J <-—
%[ x <—
9 while [
30 [ F <=
311f [ <
32 then |
33else {
[ x <-—
3547
36 [
37 [
38 [
39 [
40 [
a1 [
2 [
43 [
44 [
45 [
46 [
471 [
48 [
49 [
50 [
stif [ >
52 then |
s3else {
sa [ 1 <—
55 [ x <—
s6 [y <—
sTwhile [
s [ 1 <=
9[ y <-
60 [ F <-—
6l while [
2f [ <
03[ x <—
64}

65 [ J <-
o6 [ 1 <—=
67 [ cs <-—
68 [ ns <—
6o while [
0 [ F <=
n[ cs <-—
7 [ ns <-—

X ON NN X H O N R D>>Q NS NN
A
|

query ( x ) ] 15 ;
query (y ) ] 16 ;
query ( z ) ] 17;

+ ( f, w) ] 18 ;

+ (¢, x) ] 19 ;

+ (w, e ) ] 20 ;
query ( x ) ] 21 ;

(x , 0) ] 22

[ v <- query ( 0 ) ] 23}
[ w <= query (0 ) ] 24 };
- (y, w) ] 25 ;

5] 26 ;

query ( chi : x : ) ] 27 ;
> (j, 0) ] 28 do {

- (3, 1) 129 ;
(3, 5) 1 30

[ v <- query ( chi : x :) ] 31 }
[ w <- query ( chi : x : ) ] 32 } ;

query ( chi : y : ) ] 33

query ( x ) ] 34 ;

query ( + (x, y) ) ] 35 ;
query ( * (chi : y : , chi
query (w ) ] 37 ;

+ (£, z ) ] 38 ;

+ (¢, x) ] 39 ;

+ (w, g ) ] 40 ;

query ( x ) ] 41 ;

+ (¢, z ) ] 42 ;

+ (a, 1) ] 43 ;

query ( 0 ) ] 44 ;

query ( x ) ] 45 ;

query (y ) ] 46 ;

query ( z ) ] 47;

/ (k, 2) ] 48 ;

(x , 0) ] 49
[ v <- query ( z ) ] 50 }
[ v <- query ( 0 ) ] 51 }
k ] 52 ;
query (y ) ] 53 ;
query ( x ) ] 54 ;
> (i, 0) ] 55 do {
- (i, 1) ] 56 ;
query ( + (z, y) ) ] 57 ;
k ] 58 ;
> (3, 0) ] 59 do
- - (j, 1) ] 60 ;
query ( + ( x, y) ) ] 61 }

N ] 62 ;
x ] 63 ;
-1 ] 64 ;
-1 ] 65 ;
< (0, j) ] 66 do {
- (3, 1) 1 67;
+ (cs, 0 ) ] 68 ;
+ (ns, 0 ) ] 69 };

’

z

) )1 36;

85



73 [w <= k] 70

Example H.19 (jumbo). The composed program with multiple paths nested loops.

I [ x <- query (0 ) ] 0 ;
>[ y <- query (x) ] 1y
3[ z <-query (y ) ] 2;
1 [ a<-+ (x, 0) ] 3 ;
s[ b <—-+ (a, z ) ] 4 ;
o[ c<-+ (a b) ] 5;
7[ w <—- query (a ) ] 6 ;
8 [ x <- query ( b ) ] 7 ;
v[ y <- query (c ) ] 8 ;
0w[ z <- query (z ) ] 9 ;
W[ w <- query ( z ) ] 10 ;
o[ d<-+ (x, w) ] 11 ;
B[ e <—-+ (c, z) ] 12 ;
4[ £f <=+ (a, b ) ] 13 ;
15[ x <— query ( 0 ) ] 14 ;
6 [ y <— query ( x ) ] 15 ;
17 [ z <- query (y ) ] 16 ;
18 [ x <- query ( z ) ] 17;
w[ g<-+ (f, w) ] 18 ;
0 [ h <-+ (c, x) ] 19 ;
[ 1 <—-+ (w, e ) ] 20 ;
» [ z <- query ( x ) ] 21 ;

wif [ > (x , 0) ] 22

uthen { [ y <- query ( 0 ) ] 23}

selse { [ w <— query ( 0 ) ] 24 };
[ x <- - (y, w) ] 25 ;

[ j <=5 1] 26 ;

%[ x <- query ( chi : x : ) ] 27 ;
wwhile [ > (j, 0) ] 28 do {

o[ 3 <=-= (54, 1) 129;

siif [ < (7, 5) ] 30

wwthen { [ y <- query ( chi : x :) ] 31 }
33else { [ w <— query ( chi : x : ) ] 32 } ;
3 [ x <-= query ( chi : y : ) ] 33

547

36 [ y <— query ( x ) ] 34 ;

37[ z <- query ( + (x, y) ) ] 35 ;
8 [ w <— query ( * (chi : y : , chi : z :) ) ] 36;
39 [ z <- query (w ) ] 37 ;

w [ g<-+ (£, z) ] 38 ;

4“1 [ h <—+ (c, x ) ] 39 ;

o[ i <=+ (w, g ) ] 40 ;

43 [ z <— query ( x ) ] 41 ;

“l e <=+ (c, z) ] 42 ;

45 [ £ <=+ (a, 1 ) ] 43 ;

46 [ x <= query ( 0 ) ] 44 ;

47 [ y <— query ( x ) ] 45 ;

w8 [ z <- query (y ) ] 46 ;

9 [ z <— query ( z ) ] 47;

so[ x <— / (k, 2 ) ] 48 ;

siif [ > (x , 0) ] 49
ssthen { [ y <- query ( z ) ] 50 }
sselse { [ y <— query ( 0 ) ] 51 } ;
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sa [ 1 <— k ] 52 ;
5[ x <- query (y ) ] 53
s6 [y <— query ( x ) ] 54

sswhile [ > (i , 0) ] 55 do {

s8 [ 1 <— — (i, 1) ] 56 ;

s9[ y <= query ( + (z, y) ) ] 57 ;
60 [ j <— k ] 58 ;

6l while [ > (7 , 0) ] 59 do

of{ [ j <= - (3, 1) ] 60 ;

63 [ x <- query ( + ( x, y) ) ] 61 }

64}

[ J <-N]J 62 ;
66 [ 1 <— x ] 63 ;
67 [ cs <— =1 ] 64 ;
68 [ ns <—- -1 ] 65 ;

65

o while [ < (0, j) ] 66 do {

[l j<=- (3, 1) 1] 67;

7n[ cs <— + (cs, 0) ] 68 ;

7 [ ns <— + ( ns, 0 ) ] 69 };

73 [w <= k] 70;

74while [< (0, w)] 71 do {

75 [ w<-- (w, 1) ] 72 ;

76 [ p <—-c ] 73;

77 [ g <-c ] 74;

78 [ a <- query ( 1 ) ] 75 ;

79 [ 1 <- N ] 76;

80 while [ < (0, 1) ] 77 do {

81 [ i <- - (i, 1) ] 78;

82 [ csi <- + (csi, * (- (a, p), (q, p)))
83 if [ > (i , I) ] 80

84 then { [ nsi <- + (nsi, * (= (a, p),
85 else { [ nsi <—- nsi ] 82 }
86 }i

87 [ 12 <- N ] 83;

88 while [ < (0, i2) ] 84 do {

89 [ 12 <- - (i2, 1) ] 85;

90 if [ > (ns , I) ] 86

9] then { [ 1 <-+ (1 , 1i2 ) ] 87 }
92 else { [ 1 <= 1 ] 88 }
93 }

94 17

95 [ x <— query ( cs ) ] 89 ;

9% [ y <= query ( x ) ] 90 ;

97 [ z <- query ( ns ) ] 91 ;

98 [ w <— query ( z ) ] 92 ;

9 [ a<-x] 93 ;

w0 [ ¢ <- z ] 94 ;

ot [ j <=k ] 95 ;

e while [ < (0, j) ] 96 do {

03[ da <- query ( « (a, c ) ) ] 97 ;
4 [ dc <- query ( » (a , c ) ) ] 98 ;
s [ a <= - (a, da) ] 99 ;

w6 [ ¢ <= — (¢, dc) ] 100 ;

w7 [ § <= - (3, 1 ) ] 101

108 };

109 [ x <= query ( 0 ) ] 102 ;

1o [y <- query ( cs ) ] 103 ;
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1 [ z <= query ( c ) ] 104 ;

12 [ w <- query ( z ) ] 105 ;

13 [ x <= query ( 0 ) ] 106 ;

14 [y <= query ( x ) ] 107 ;

115 [ z <- query (y ) ] 108 ;

16 [ w <— query ( z ) ] 109 ;

117 [ x <= query ( 0 ) ] 110 ;

s [y <- query ( x ) ] 111 ;

1o [ z <- query ( + (x, y) ) ] 112 ;
120 [ w <- query ( * (chi : y : , chi z :) ) ] 113 ;
2 [ z <- query (w ) ] 114 ;

12 [ x <- query (e ) ] 115 ;

231f [ > (x , 0) ] 116

athen { [ y <— query ( 0 ) ] 117 }
125else { [ w <= query ( 0 ) ] 118 }
6 [ a <- x ] 119 ;

27 [ ¢ <-z ] 120 ;

28 [ j <= k ] 121 ;

129 [ ¢cs <— + (cs, 0 ) ] 122 ;

130 [ ns <— + ( ns, 0 ) ] 123 ;

31 [ 1 <=k ] 124 ;

132 [ x <= query ( 0 ) ] 125 ;

133 [ y <- query ( cs ) ] 126 ;
B4while [ > (i , 0) ] 127 do {

135 [ 1 <= — (i, 1) ] 128 ;

136 [ j <— k ] 129 ;

371if [ > (x , 0) ] 130

38then { [ y <- query ( + ( chi : x : , chi : y : )
9else { [y <- query ( chi : x ) ] 132 } ;
wowhile [ > (7 , 0) ] 133 do

wf [ j <= - (j, 1) ] 134 ;

42 [ x <- query ( + ( x, y) ) ] 135 }
143 };

144 [ x <—= query ( z ) ] 136 ;

145 [y <— query ( cs ) ] 137 ;

146 [ z <— query ( c ) ] 138 ;

47 [ w <= query ( z ) ] 139 ;

148 [y <— query ( x ) ] 140 ;

1499 [ z <= query ( + (x, y) ) ] 141 ;
150 [ w <- query ( * (chi : y : , chi z :) ) ] 142 ;
151 [ z <— query ( 0 ) ] 143 ;

1s21f [ > (x , 0) ] 144

153then { [ y <—- query ( x ) ] 145 }
1sselse { [ w <— query ( z ) ] 146 }
155 [y <— query ( cs ) ] 147 ;

156 [ z <= query ( c ) ] 148 ;

157 [ w <= query ( z ) ] 149 ;

158 [ x <— query (w ) ] 150 ;

159 [y <—= query ( x ) ] 151 ;

160 [ z <— query (y ) ] 152 ;

6l [ w <= query ( z ) ] 153 ;

162 [ x <= query ( 0 ) ] 154 ;

163 [ y <— query ( x ) ] 155 ;

64 [ z <= query ( + (x, y) ) ] 156 ;
165 [ w <- query ( * (chi : y : , chi z :) ) ] 157 ;
166 [ z <= query ( 0 ) ] 158 ;

167 [ x <= query ( w ) ] 159 ;
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68 [ 1 <= k ] 160 ;

19 [ x <— query ( chi : cs
170 while [

171 [

173 [y <— query ( chi : x
174 while [
175 { [ F <— -

i

<=

> (1,

- (l/

> (7,
(3,

1) ] 163 ;
[ j <—- k ] 164 ;

1) ] 167 ;

176 [ x <— query ( chi : x : )

177
178

};
[ x <- query ( cs ) ] 169 ;

’

) ] 161
0) ] 162 do {

) 1 165 ;
0) ] 166 do

] 168 }

y) ) 1 192 ;

chi

zZ

179 [y <—- query ( x ) ] 170 ;
180 [ z <-= query ( ns ) ] 171 ;
81 [ w <— query ( z ) ] 172 ;
82 [ a <-x ] 173 ;

83 [ ¢ <—- z ] 174 ;

84 [ j <= k ] 175 ;

1$swhile [ < (0, 3j) ] 176 do {
186 [ da <- query ( » (a , c ) ) ] 177 ;
187 [ dc <- query ( * (a , c ) ) ] 178 ;
88 [ a <- - (a, da) ] 179 ;
189 [ ¢ <- - (c, dc) ] 180 ;
o [ § <= - (3, 1 ) ] 181

191 };

192 [ x <—= query ( 0 ) ] 182 ;
193 [ y <- query ( cs ) ] 183 ;
194 [ z <— query ( c ) ] 184 ;
195 [ w <—= query ( z ) ] 185 ;
96 [ x <— query ( 0 ) ] 186 ;
197 [y <- query ( x ) ] 187 ;
98 [ z <—= query (y ) ] 188 ;
19 [ w <— query ( z ) ] 189 ;
200 [ x <= query ( 0 ) ] 190 ;
w01 [y <- query ( x ) ] 191 ;
22 [ z <— query ( + (x,

203 [ w <— query ( * (chi : y :
040 [ b <=+ (a, z ) ] 194 ;
205 [ ¢ <—+ (a, b ) ] 195 ;
206 [ w <— query ( a ) ] 196 ;
207 [ x <—- query ( b ) ] 197 ;
w08 [y <— query ( c ) ] 198 ;
200 [ z <— query ( z ) ] 199 ;
200 [ w <= query ( z ) ] 200 ;
a1 [ F <= = (w, 1 ) ] 201 ;
22 [ x <= query ( 0 ) ] 202 ;
23 [ y <- query ( cs ) ] 203 ;
24 [ z <— query ( c ) ] 204 ;
25 [ w <= query ( z ) ] 205 ;
26 [ x <— query ( 0 ) ] 206 ;
27 [y <— query ( x ) ] 207 ;
28 [ z <— query (y ) ] 208 ;
20 [ w <— query ( z ) ] 209 ;
20 [ x <— query ( 0 ) ] 210 ;
» [ d<-+ (x, w) ] 211 ;
m [ e <-+ (c, z) ] 212 ;
w3 [ £ <—+ (a, b ) ] 213 ;
24 [ x <= query (w ) ] 214 ;

) ) ] 193 ;
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25 [y <- query ( x ) ] 215 ;
26 [ z <— query (y ) ] 216 ;
27 [ x <- query ( z ) ] 217;
w [ g <-+ (£, w) ] 218 ;
2 [ h <— + (¢, x ) ] 219 ;
w0 [ 1 <=+ (w, e ) ] 220 ;
31 [ z <- query ( x ) ] 221 ;

222 ;

2 [ ¢s <— + ( cs, ]
] 223 ;

233 [ ns <- + ( ns,
24 [ 1 <= k ] 224 ;

235 [ x <— query ( z ) ] 225 ;

26 [ y <— query ( cs ) ] 226 ;

w7while [ > (i , 0) ] 227 do {

w3 [ 1 <— — (i, 1) ] 228 ;

29[ j <— k ] 229 ;

uoif [ > (x , 0) ] 230

uithen { [ y <- query ( + ( chi : x : , chi :y : ) ) ] 231
mrelse { [y <- query ( chi : x : ) ] 232 } ;

43while [ > (F7 , 0) ] 233 do

0)
0 )

wA{ [ J <= — (3, 1) ] 234 ;

us [ x <— query ( + ( x, y) ) ] 235 }
246 };

247 [ x <— query ( z ) ] 236 ;

u8 [y <— query ( cs ) ] 237 ;

249 [ z <— query ( c ) ] 238 ;

250 [ w <— query ( z ) ] 239 ;

51 [ y <— query ( x ) ] 240 ;

2520 [ z <= query ( + (x, y) ) ] 241 ;
53 [ w <— query ( * (chi : y : , chi : z :) ) ] 242 ;
254 [ z <= query ( 0 ) ] 243 ;

»551f [ > (x , 0) ] 244
256 then { [ y <— query ( x ) ] 245 }
»7else { [ w <— query ( z ) ] 246 } ;

58 [y <— query ( cs ) ] 247 ;

259 [ z <— query ( c ) ] 248 ;

200 [ w <— query ( z ) ] 249 ;

[ x <—- query ( w ) ] 250 ;

22 [y <— query ( x ) ] 251 ;

203 [ z <= query (w ) ] 252 ;

04 [ w <— query ( z ) ] 253 ;

205 [ x <— query ( 0 ) ] 254 ;

26 [y <— query ( x ) ] 255 ;

w7 [ z <- query ( + (x, y) ) ] 256 ;
208 [ w <— query ( * (chi : y : , chi : z :) ) ] 257 ;
2600 [ z <= query ( 0 ) ] 258 ;

20 [ x <— query ( w ) ] 259 ;

o1 [ 1 <—- k ] 260 ;

22 [ x <- query ( chi : cs : ) ] 261 ;
23 while [ > (i , 0) ] 262 do {

w4 [ 1 <— = (i, 1) ] 263 ;

s [ <= k ] 264 ;

26 [y <— query ( chi : x : ) ] 265 ;
277while [ > (7 , 0) ] 266 do

ws{ [ J <= = (3, 1) ] 267 ;
279 [ x <— query ( chi : x : ) ] 268 }
280 };

% [ x <—- query ( cs ) ] 269 ;

90



w2 [y <— query ( x ) ] 270 ;
%3 [ z <— query ( ns ) ] 271 ;
w4 [ w <— query ( z ) ] 272 ;
%5 [ a <- x ] 273 ;

2w [ ¢ <—- z ] 274 ;

w7 [ j <— k ] 275 ;

wswhile [ < (0, j) ] 276 do {

% [ da <- query ( x (a , c ) ) ] 277 ;
290 [ dc <- query ( * (a , c ) ) ] 278 ;

2) ) 1 293 ;

91 [ a <- - (a, da) ] 279 ;

[ ¢ <= - (¢, dc) ] 280 ;

2 [ j <= - (7, 1 ) ] 281

294},

295 [ x <— query ( a ) ] 282 ;

26 [ y <— query ( cs ) ] 283 ;

297 [ z <- query ( c ) ] 284 ;

298 [ w <— query ( z ) ] 285 ;

299 [ x <— query (w ) ] 286 ;

30 [ y <— query ( x ) ] 287 ;

301 [ z <— query (y ) ] 288 ;

30 [ w <— query ( z ) ] 289 ;

33 [ x <— query ( 0 ) ] 290 ;

34 [y <— query ( x ) ] 291 ;

35 [ z <— query ( + (x, y) ) ] 292 ;
36 [ w <— query ( * (chi : y : , chi z
300 [ z <— query ( 0 ) ] 294 ;

38 [ x <= query ( w ) ] 295 ;

3w if [ > (x , 0) ] 296

s3inthen { [ y <— query ( 0 ) ] 297 }
sitelse { [ w <—= query ( 0 ) ] 298 }
32 [ a <- x ] 299 ;

313 [ ¢ <= z ] 300 ;

3ie [ j <= k ] 301 ;

315 [ ¢s <— + (cs, 0 ) ] 302 ;

316 [ ns <- + ( ns, 0 ) ] 303 ;

317 [ 1 <= k ] 304 ;

318 [ x <— query ( 0 ) ] 305 ;

39 [y <— query ( cs ) ] 306 ;
30while [ > (i , 0) ] 307 do {

0 [ 1 <- - (i, 1) ] 308 ;

32 [ j <-k ] 309 ;

331if [ > (x , 0) ] 310

324 then { [ y <- query ( + ( chi : x : , chi
3s5else { [ y <— query ( chi : x ) ] 312 }
26 while [ > (7 , 0) ] 313 do

7 [ § <—- - (3, 1) ] 314 ;

38 [ x <-= query ( + ( x, y) ) ] 315}
329 };

330 [ x <- query ( c ) ] 316 ;

31 [ y <- query ( cs ) ] 317 ;

332 [ z <- query ( c ) ] 318 ;

33 [ w <— query ( z ) ] 319 ;

34 [y <— query ( x ) ] 320 ;

35 [ z <- query ( + (x, y) ) ] 321 ;
36 [ w <— query ( * (chi : y : , chi z :) )
337 [ z <-= query ( 0 ) ] 323 ;

»8if [ > (x , 0) ] 324
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339 then { [ y <- query ( w ) ] 325 }
oelse { [ w <— query ( z ) ] 326 } ;

31 [y <- query ( cs ) ] 327 ;

2 [ z <— query ( c ) ] 328 ;

343 [ w <— query ( z ) ] 329 ;

344 [ x <= query ( 0 ) ] 330 ;

345 [y <— query ( x ) ] 331 ;

36 [ z <— query (y ) ] 332 ;

347 [ w <= query ( z ) ] 333 ;

48 [ x <— query (y ) ] 334 ;

39 [y <— query ( x ) ] 335 ;

350 [ z <— query ( + (x, y) ) ] 336 ;
351 [ w <- query ( + (chi : vy : , chi : z :) )
352 [ z <— query ( 0 ) ] 338 ;

353 [ x <—= query ( w ) ] 339 ;

354 [ 1 <= k ] 340 ;

355 [ x <— query ( chi : cs : ) ] 341 ;
356 while [ > (i , 0) ] 342 do {

357 [ 1 <— — (i, 1) ] 343 ;

38 [ J <= k ] 344 ;

359 [y <= query ( chi : x : ) ] 345 ;
0 while [ > (7 , 0) ] 346 do

i { [ 3 <= - (3, 1) ] 347 ;

32 [ x <= query ( chi : x : ) ] 348 }
363}/

364 [ x <— query ( cs ) ] 349 ;

365 [y <— query ( x ) ] 350 ;

366 [ z <— query ( ns ) ] 351 ;

367 [ w <— query ( z ) ] 352 ;

68 [ a <— x ] 353 ;

39 [ ¢ <— z ] 354 ;

30 [ j <= k ] 355 ;

smnwhile [ < (0, j) ] 356 do {

32 [ da <- query ( x (a , c ) ) ] 357 ;
33 [ de <- query (  (a , c ) ) ] 358 ;

34 [ a <- - (a, da) ] 359 ;

3755 [ ¢ <— - (¢, dc) ] 360 ;

36 [ § <— = (3, 1 ) ] 361

377 };

318 [ x <— query ( 0 ) ] 362 ;

39 [y <— query ( cs ) ] 363 ;

30 [ z <—= query ( c ) ] 364 ;

81 [ w <— query ( z ) ] 365 ;

3 [ x <- query ( 0 ) ] 366 ;

33 [ y <- query ( x ) ] 367 ;

34 [ z <— query (y ) ] 368 ;

385 [ w <— query ( z ) ] 369 ;

36 [ x <= query ( 0 ) ] 370 ;

7 [ y <—- query ( x ) ] 371 ;

388 [ z <= query ( + (x, y) ) ] 372 ;
3% [ w <- query ( * (chi : vy : , chi : z :) )
3% [ z <— query ( 0 ) ] 374 ;

91 [ x <- query (w ) ] 375 ;

31if [ > (x , 0) ] 376

33then { [ y <- query ( x ) ] 377 }
ssqelse { [ w <— query ( 0 ) ] 378 } ;
395 [ a <- x ] 379 ;
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% [ ¢ <— z ] 380 ;
397 [ j <— k ] 381 ;
398 [ ¢cs <— + ( cs, 0 )
399 [ ns <- + ( ns, 0 )
w00 [ 1 <— k ] 384 ;
401 [ x <— query ( 0 ) ] 385 ;

402 [ y <— query ( cs ) ] 386 ;

4a3while [ > (i , 0) ] 387 do {

404 [ 1 <= - (i, 1) ] 388 ;

w05 [ § <= k ] 389 ;

4w061if [ > (x , 0) ] 390

47then { [ vy <- query ( + ( chi : x : , chi : y : ) ) ] 391 }
swselse { [ y <- query ( chi : x : ) ] 392 } ;

409 while [ > (7 , 0) ] 393 do

] 382 ;
] 383 ;

s0{ [ F <= = (7, 1) ] 394 ;

41 [ x <- query ( + ( x, y) ) ] 395 }
412}z

413 [ x <—= query ( 0 ) ] 396 ;

414 [y <= query ( cs ) ] 397 ;

415 [ z <— query ( c ) ] 398 ;

416 [ w <= query ( z ) ] 399 ;

417 [ y <= query ( x ) ] 400 ;

418 [ z <— query ( + (x, y) ) ] 401 ;
419 [ w <—= query ( * (chi : y : , chi : z :) ) ] 402 ;
00 [ z <= query ( 0 ) ] 403 ;

wo11if [ > (x , 0) ] 404
422then { [ y <- query ( w ) ] 405 }
m3else { [ w <- query ( z ) ] 406 } ;

@[ y <— query ( cs ) ] 407 ;
45 [ z <= query ( c ) ] 408 ;
06 [ w <— query ( z ) ] 409 ;
427 [ x <— query ( 0 ) ] 410 ;
w8 if [ > (w , 0) ] 411

49then { [ yv <— w ] 412 }
1s0else { [ w <— query ( z ) ] 413 } ;

31 [ x <— query (w ) ] 414 ;
32 [y <— query ( x ) ] 415 ;
433 [ z <— query (y ) ] 416 ;
434 [ x <= query ( z ) ] 417;
B[ g <-4+ (£, w) ] 418 ;
36 [ h <= + (¢, x ) ] 419 ;
B[ 1 <=+ (w, e ) ] 420 ;
38 [ z <— query ( x ) ] 421 ;
439 [ ¢cs <= + (cs, 0 ) ] 422 ;
40 [ ns <- + ( ns, 0 ) ] 423 ;

a1 [ 1 <- k ] 424 ;

442 [ x <—= query ( z ) ] 425 ;

443 [y <—= query ( cs ) ] 426 ;

s#awhile [ > (i , 0) ] 427 do |

a5 [ 1 <= — (i, 1) ] 428 ;

we [ F <=k ] 429 ;

wm7if [ > (x , 0) ] 430

48 then { [ y <- query ( + ( chi : x : , chi : y : ) ) ] 431 }
umoelse { [y <- query ( chi : x : ) ] 432 } ;
4s0while [ > (j , 0) ] 433 do

ws1{ [ <= - (j, 1) ] 434 ;

4520 [ x <— query ( + ( x, y) ) ] 435 }
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453}

454 [ x <— query ( z ) ] 436 ;

455 [y <= query ( cs ) ] 437 ;

456 [ z <— query ( c ) ] 438 ;

457 [ w <— query ( z ) ] 439 ;

458 [y <= query ( w ) ] 440 ;

459 [ z <= query ( + (x, y) ) ] 441 ;
460 [ w <— query ( x (chi : y : , chi
461 [ z <= query ( 0 ) ] 443 ;

w2 1if [ > (x , 0) ] 444

43then { [ y <— query ( x ) ] 445 }
s04else { [ w <— query ( z ) ] 446 }
465 [y <— query ( cs ) ] 447 ;

466 [ z <— query ( c ) ] 448 ;

467 [ w <= query ( z ) ] 449 ;

468 [ x <= query ( w ) ] 450 ;

469 [y <— query ( x ) ] 451 ;

470 [ z <= query ( w ) ] 452 ;

1 [ w <= query ( z ) ] 453 ;

4 [ x <— query ( 0 ) ] 454 ;

413 [ y <= query ( x ) ] 455 ;

414 [z <= query ( + (x, y) ) ] 456 ;
45 [ w <— query ( * (chi : y : , chi
46 [ z <= query ( 0 ) ] 458 ;

477 [ x <= query ( w ) ] 459 ;

478 [ 1 <= k ] 460 ;

419 [ x <= query ( chi cs ) ] 461
w8owhile [ > (i , 0) ] 462 do {
481 [ 1 <—= — (i, 1) ] 463 ;

482 [ F <=k ] 464 ;

483 [ y <- query ( chi : x ) ] 465 ;
wawhile [ > (7 , 0) ] 466 do

s { [ J <= = (F, 1) ] 467 ;

486 [ X <— query ( chi : x ) ] 468 }
487 };

488 [ x <— query ( cs ) ] 469 ;

489 [y <= query ( x ) ] 470 ;

490 [ z <— query ( ns ) ] 471 ;

91 [ w <—= query ( z ) ] 472 ;

9 [ a <- x ] 473 ;

493 [ ¢ <= z ] 474 ;

494 [ F <=k ] 475 ;

495 while [

496 [
497 [
498 [
499 [
500 [
501

502 [
503 [
504 [
505 [
506 [
507 [
508 [
509 [

da <- query ( *
dc <- query ( * ( a ,

a
c

.

T NN X T NNK X

<—
L=

= =

< (0,

- (a/
- (C/
(3,

query
query
query
query
query
query
query
query

j) ] 476 do |
(a,

da) ] 479 ;
dc) ] 480 ;
1) ] 481

(a) ] 482 ;

—~ ~ —~ —~ —~ —~ —~

cs ) ] 483 ;

NN X S N Q

~— O —

— e e e e

484
485
486
487
488
489

z

z

c ) ) 1 477 ;
c) ) 1 478 ;

) ) 1 442 ;

) ) 1457 ;
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510 [ x <= query ( 0 ) ] 490 ;

511 [y <— query ( x ) ] 491 ;

sio [ z <- query ( + (x, y) ) ] 492 ;

513 [ w <—- query ( * (chi : vy : , chi : z :) ) ] 493 ;
514 [z <— query ( 0 ) ] 494 ;

515 [ x <— query ( w ) ] 495 ;

sieif [ > (x , 0) ] 496

sithen { [ y <— query ( 0 ) ] 497 }
siselse { [ w <— query ( 0 ) ] 498 } ;
519 [ a <— x ] 499 ;

50 [ ¢ <= z ] 500 ;

520 [ r <- query ( c ) ] 501
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