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ABSTRACT

Network provenance, which records the execution history of
network events as meta-data, is becoming increasingly im-
portant for network accountability and failure diagnosis. For
example, network provenance may be used to trace the path
that a message traversed in a network, or to reveal how a
particular routing entry was derived and the parties involved
in its derivation. A challenge when storing the provenance of
a live network is that the large number of the arriving mes-
sages may incur substantial storage overhead. In this paper,
we explore techniques to dynamically compress distributed
provenance stored at scale. Logically, the compression is
achieved by grouping equivalent provenance trees and main-
taining only one concrete copy for each equivalence class. To
efficiently identify equivalent provenance, we (1) introduce
distributed event-based linear programs (DELP) to specify
distributed network applications, and (2) statically analyze
DELPs to allow for quick detection of provenance equiv-
alence at runtime. Our experimental results demonstrate
that our approach leads to significant storage reduction and
query latency improvement over alternative approaches.
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1. INTRODUCTION

Network administrators require the capability to identify
the root causes of performance slowdowns in data centers
or across wide-area networks, and also to determine the
sources of security attacks. Such capabilities often utilize
network provenance, which allows the user to issue queries
over network meta-data about the execution history. In re-
cent years, network provenance has been successfully ap-
plied to various network settings, resulting in proposals for
distributed provenance [27], secure network provenance 25|,
distributed time-aware provenance [26] and negative prove-
nance [22]|. These proposals demonstrate that database-style
declarative queries can be used for maintaining and querying
distributed provenance at scale. Moreover, a wide range of
forensic analysis work (e.g. |4} |21]) for determining and fixing
the root causes of misconfigurations, errors and attacks have
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used network provenance as their underlying infrastructure.

One of the main drawbacks of the existing techniques is
their storage overhead. Network provenance has to be in-
crementally maintained as network events occur. This is
particularly challenging for the data plane of networks that
deals with frequent and high-volume data packets. When
there are streams of incoming packet events, the provenance
information can become prohibitively large. While there is
prior work on provenance compression in the database liter-
ature (3], the work was not designed for distributed settings.
Our paper’s contributions are:

System Model. We propose a new network program-
ming model, called distributed event-based linear programs
(DELP), which is a restricted variant of the Network Dat-
alog [11] language in declarative networking. Each DELP
program is composed of a set of rules triggered by events,
and executes until a fixpoint is reached. Unlike traditional
event-condition-action rules, DELP has the option of slow
changing tuples, which do not change their values while a
distributed fixpoint computation is happening. We show,
through two example applications (packet forwarding and
DNS resolution), that this model is general enough to cover
a wide range of network applications.

Distributed Provenance Compression. Based on the
DELP model, we propose two techniques to store prove-
nance information efficiently. Our first technique relies on
materializing only the tuples that the administrators are in-
terested in. We propose a distributed querying technique
that can reconstruct the entire provenance tree from the re-
duced provenance information that is maintained. Our sec-
ond technique combines multiple provenance trees together,
based on a notion of equivalence class that groups different
DELP rule firing instances together by virtue of the fact
that they share similar derivation structures.

Implementation and Evaluation. We implement a pro-
totype of DELP based on the RapidNet declarative net-
working engine [13]. We enhance RapidNet to include a
rule rewrite engine that maintains provenance at runtime.
Provenance queries are implemented as distributed recursive
queries over the maintained provenance information. We
deploy and evaluate DELP on packet forwarding and DNS
lookups, and the performance results show that the com-



pression techniques result in orders of magnitude reduction
in storage, significant reduction in query lantency, and adds
only negligible overhead to the runtime performance of each
monitored network application.

2. BACKGROUND

We first provide an introduction to Network Datalog (ND-
Log) [11], a declarative networking programming language
we use to model network applications in the distributed sys-
tem, then we introduce the concept of distributed network
provenance |27, [26].

2.1 Network Datalog

rl packet(@QN, S, D, DT) :— packet(QL,S, D, DT),
route(QL, D, N).

r2 recv(QL, S, D, DT) :— packet(QL, S,D,DT),D == L.

Figure 1: An NDLog program for packet forwarding

To illustrate NDLog, we show an example query (Figure
that recursively forwards packets in a network. A typical
NDLog program is composed of a set of rules. Each rule
takes on the format p :— qq,qs,...q,,, where p is a relation
called the rule head, and q;s are rule bodies that are either
relational atoms, arithmetic atoms or user-defined functions.
Relations and rules of an NDLog program can be deployed
in a distributed fashion. To logically specify the location of
each relation, an “@Q” symbol — called the location specifier
— is prepended to the first attribute of each relation.

Each node in the network maintains a database storing
base tuples (i.e., tuples that are input by the user) and/or
derived tuples (i.e., tuples that are generated by the NDLog
program). During program execution, when all rule bodies
of a rule r have corresponding tuples in the local database, r
will be triggered, generating the head tuple. If the location
specifier of the head tuple is different from that of bodies
(e.g., r1 in Figure , the head tuple will be transmitted
through the network to the remote node. In the example
program of Figure[l} r! forwards a local packet (packet) to
neighbor N by looking up the packet’s destination D in the
local routing table (route). 72 receives a packet and stores it
locally in the recv table, if the packet is destined to the local
node (D == L).

2.2 Distributed Network Provenance

Data provenance |7] can be used to explain why and how
a given tuple is derived. Prior work [27] proposes network
provenance, which faithfully records the execution of (pos-
sibly erroneous) applications in a (possibly misconfigured)
distributed system. This allows the network administrators
to inspect the derivation history of system states. For exam-
ple, suppose there is a direct link between n! and nd in Fig-
uref2] If the user prefers the routing with the shortest paths,
the routing entry of n! in Figure [2| would have been erro-
neous — a correct entry should be route(@nl,n3,n3). The
provenance engine, agnostic of this error, would record the
packet traversal on the path nl — n2 — n8. The user
can later use the recorded provenance as an explanation on
why the packet took a particular route, eventually leading
to further investigation into the route table at n1.

Network provenance is typically represented as a directed
tree rooted at the queried tuple. Figure [3] shows the prove-
nance tree of a tuple recv(@n3,nl,n3, “data”) derived from

route route
L D N L D N
@n1 n3 n2 @n2 n3 n3

Figure 2: An example deployment of packet for-
warding. Node n! and node n2 has a local route
table indicating routes towards node n3.

a packet packet(@Qnl,nl1,n3, “data”). The provenance tree is
generated as packet(@Qnl,nl,n3,“data”) traverses the net-
work from node ni to nd in Figure @ There are two types
of nodes in a typical provenance tree: the rule nodes and
the tuple nodes. The rule nodes (i.e., the oval nodes in Fig-
ure [3]) stand for the rules that are triggered in the program
execution, while the tuple nodes (i.e., the square nodes in
Figure represent tuples that trigger/are derived by the
rule execution. Note that the root of a provenance tree is
always a tuple node that represents the queried tuple.

To maintain the provenance, traditional database work [9)
often stores data provenance along with the target tuple for
efficient provenance querying. Such centralized provenance
storage turns out to be very costly for the provenance in
a network setting, which is typically constructed in a dis-
tributed fashion. In some cases, given the distributed nature
of the application, it may also not be feasible to collect the
information in a centralized fashion.

ExSPAN |[27], a representative distributed provenance en-
gine, maintains the provenance information in a distributed
relational database. There are two (distributed) tables in
the database: the prov table and the ruleFxec table. The
prov table records the provenance information for the direct
derivation of a given tuple, while the ruleEzec table main-
tains the information of a specific rule instance, including
the rule name and the body tuples used in the rule evalua-
tion. Table [I] shows an example relational database storing
the provenance tree in Figure[3] Both tables are partitioned
and maintained in a distributed fashion, according to the
values of Loc and RLoc in each tuple.

ExSPAN uses a recursive provenance query to retrieve the
provenance tree of a queried tuple. For example, to query
the provenance tree for recv(@n3, nl,n3, “data”) (Figure|3),
ExSPAN first computes the hash value vid6 of the tuple, and
uses vid6 to find the tuple prov(n3, vid6, rid3, n3) in the prov
table. ExSPAN further uses the values rid3 and n& in the
tuple to locate ruleExec(n3,rid3,r2, (vid5)) in the ruleExec
table, which represents the provenance node for the rule
execution (i.e., 2) that derives vid6. To further query the
provenance of the body tuples that trigger r2, the querier
would then look up (vid5) in the prov table. This recursive
query processing continues until it reaches the base tuples
(e.g., route(@nl,n3,n2)).

We adopt the relational database storage model of ExS-
PAN. However, our provenance compression scheme applies
generally to any distributed provenance model.

2.3 Motivation for Provenance Compression
A key problem not addressed in prior work on network

provenance [27][26] is that the provenance information can

become very large, especially for distributed applications



prov
Loc VID RID | RLoc
n3 vid6 rid3 n3
(shal(recv(@n3, nl,n3, “data”)))
n3 vid5 rid2 n2
(shal(packet(@n3,nl,n3, “data”)))
n2 vid4 ridl nl
(shal(packet(@n3,nl,n3, “data”)))
n2 vid3 NULL | NULL
(shal(route(@n2,n3,n3)))
nl vid2 NULL | NULL
(shal(packet(@nl,nl,n3,“data”)))
nl vidl NULL | NULL
(shal(route(@nl,n3,n2)))
ruleExec
RLoc RID R VIDS
n3 rid3(shal(r2+n3+vid5)) r2 (vid5)

n2 rid2(shal(r1+n2+vid3+vid4)) | =1l
nl rid1(shal(rl+nl+vid1l+vid2)) | r1

(vid3,vid4)
(vid1l,vid2)

Table 1: Relational tables (ruleExec and prov) main-
taining the provenance tree in Figure

| recv(@n3,n1,n3,”data”) I
| packet(@n3,n1,n3,”data”) I
| packet(@n2,n1,n3,”data”) I |

| packet(@n1,n1,n3,”data”) I |

route(@n2,n3,n3) I

route(@n1,n3,n2) I

Figure 3: A (distributed) provenance tree for the ex-
ecution of packet(@Qnl,nl,n3,“data”), which traverses
from node n! to node n3 in Figure [2]

(e.g., network protocols) where event tuples trigger rules in a
streaming fashion. For example, in Figure[2] if n! initiates a
large volume of traffic towards n3, each packet in the traffic
would generate a provenance tree similar to the one in Fig-
ure 3] Given that today’s routers forward packets at rates
over millions of packets per second, this would incur pro-
hibitively high storage overhead for distributed provenance
maintenance on each intermediate node.

We observe however that the provenance of different pack-
ets share significant similarities in their structures, present-
ing opportunities for provenance compression across differ-
ent provenance trees. For example, in Figure |ZL whenever
a new packet is sent from n! to n3, an entire provenance
tree is created and maintained. However, it is not hard to
observe that all the packets traversing through n! and n2
take the same route — that is, they join with the same local
route tuples. Therefore, the storage for the provenance trees
generated by these packets could be significantly reduced if
we manage to remove the observed redundancy.

The key challenge of provenance compression in a dis-
tributed system is to achieve significant storage savings while
incurring low network overhead (e.g., extra bandwidth and
computation), and still enabling the user to query the prove-
nance information effectively as does uncompressed prove-
nance. Hence, we avoid content-level compression techniques
such as gzip, but opt for the conservative compression based
on the structure of provenance trees.

3. MODEL

A distributed system DS is modeled as an undirected
graph G = (V,E). Each node N; in V represents an en-
tity in DS. Two nodes N; and N; can communicate with
each other if and only if there is an edge (N;, N;) in E. In
DS, each node N; maintains a local state in the form of
a relational database DB;. Tables in DB; can be divided
into base tables and derived tables. Tuples in base tables are
manually updated, while tuples in derived tables are derived
by network applications. Figure [2]is an example distributed
system with three nodes.

3.1 Network applications

Each node in DS runs a number of network applications,
which are specified in NDLog with syntactic restriction. The
syntactic restriction enables efficient provenance compres-
sion (Section, while still being expressive enough to model
most network applications. In particular, we have:

Definition 1. An NDLog program Prog={ri,r2,...,mn} is
a distributed event-driven linear program (DELP), if Prog
satisfies the following three conditions:
e Each rule is event-driven. FEach rule 7; can be speci-
fied in the form: [head] : —[event], [conditions], where
[event] is a body relation designated by the program-

mer, and [conditions] are all non-event body atoms.
e Consecutive rules are dependent. For each rule pair

(ri, Tix 1) in Prog, the head relation hd of r; is identical

to the event relation ev in 1y ;.
e Head relations can only be event relations. For each

head relation hd in any rule r;, there does not exist a
rule rj, such that hd is a non-event relation in r;.

In a typical network application, non-event relations of-
ten represent the network states, which change slowly com-
pared to the fast rate of incoming events. For example, in
the packet forwarding program, the route relation is either
updated manually or through a network routing protocol.
In either case, it changes slowly compared to the large vol-
ume of incoming packets. Therefore, we call the non-event
relations in a DELP as slow-changing relations, and assume
that they do not change during the fixpoint computation.
This assumption is realistic and can be enforced easily in
the networks where configurations are updated at runtime
and packets see only either the old or new configuration
version across routers, as shown in prior work [18] in the
networking community.

A DELP {r;,72,...,m} can be deployed in a distributed
fashion over a network, and its execution follows the pipelined
semi-naive evaluation strategy introduced in prior work [10]
— whenever an event tuple arrives at a node Nj, it triggers
r; by joining with the slow-changing tuples at N;. The gen-
erated head tuple hd is then sent to the node N; — Nj is
identified by the location specifier in hd — triggering r2 at
Nj. This process continues until r, is executed.

DELP can model a large number of network applications,
due to their event-driven nature, such as packet forwarding
(Figure[I)), Domain Name Service (DNS) resolution [12], Dy-
namic Host Configuration Protocol (DHCP) [6] and Address
Resolution Protocol (ARP) [17].

3.2 Provenance for Network Applications

It is often the case that network administrators will use
a subset of network states as their starting point for de-
bugging. For example, in the packet forwarding program,



| recv(@n3,n1,n3,”data”) |

| route(@n2,n3,n3) |

| packet(@n1,n1,n3,”data”) | | route(@n1,n3,n2) |

Figure 4: An optimized provenance tree for the tree
in Figure

if a packet arrives at an unexpected destination node, the
administrator may initiate a provenance query on the prove-
nance of each recv tuple, but care less about the provenance
of the packet tuples that traverse intermediate nodes. To
satisfy this need, we allow the user to specify the relations
of interest — i.e., relations whose provenance information in-
terests the user the most in a network application — and our
runtime system only maintains the concrete and complete
provenance information for those tuples in the relations of
interest. For the relations of less interest to the user, we
can adopt the reactive maintenance strategy proposed by
DTaP |26], by only maintaining those non-deterministic in-
put tuples, and replaying the whole system execution to
construct the provenance information during querying.

As with network provenance in prior works [27], we repre-
sent the provenance information of the tuples of interest as
a tree. However, given the syntactic restriction we have for
DELP programs, the provenance trees in our system do not
maintain sub-provenance trees for the slow-changing tuples,
such as the route tuples in Figure [3] even through these tu-
ples may be derived from another network application, e.g.,
a routing protocol. To obtain the provenance tree of, say, a
derived route tuple, the user could specify the route relation
as the relation of interest in the application that derives it.

In the rest of paper, we use provenance trees to refer to
the distributed provenance trees for DELP programs.

4. BASIC STORAGE OPTIMIZATION

Based on the model introduced in the previous section,
we propose our basic storage optimization for provenance
trees, which lays the foundation for the compression scheme
in Section [5] For each provenance tree prov, we remove the
provenance nodes representing the intermediate tuples that
do not belong to the relations of interest. For example, in
the packet forwarding program, assume that the user only
specifies recv as the relation of interest, then the provenance
tree tr in Figure [3| would be optimized into the tree tr’ in
Figure 4] The (distributed) relational database maintaining
tr’ is shown in Table [2] where vid values and rid values are
identical to those in Table 11

Compared to Table[I] Table [2] differs at two parts:

e The prov table only maintains the provenance for the
queried tuple, i.e., the recv tuple. Other entries in the
prov table are omitted because they represent either

the removed intermediate tuples or the base tuples.
e Two extra columns NLoc and NRID are added to

the ruleFzec table. They help the recursive query find
the child node for each provenance node in the tree.

The optimization of removing the intermediate nodes saves
a fair amount of storage space, especially when the input

prov
Loc | VID | RID | RLoc
n3 vid6 | rid3 n3

ruleExec
RLoc | RID | R VIDS NLoc | NRID
n3 rid3 | r2 NULL n2 rid2
n2 rid2 | rl (vid4) nl ridl
nl ridl | r1 | (vidl,vid2) | NULL | NULL

Table 2: Optimized ruleExec and prov tables for the
provenance tree in Figure

events arrive at a high rate and generate a large number
of intermediate tuples, as is common in typical networking
scenarios. We use the query of recv(@n3,nl,n3, “data”) in
Table 2] to illustrate the two-step provenance querying pro-
cess after the optimization:

Step 1: Construct the optimized provenance tree.
The query first fetches the optimized provenance tree in a
similar way to ExSPAN. Starting from the prov entry cor-
responding to recv(@n3,nl,n3, “data”), we fetch the prove-
nance node for the last rule execution rid3 in the ruleExec
table, then follow the values in NLoc and NRID to re-
cursively fetch all the ruleExec tuples (i.e., rid3, rid2 and
rid1) until no further provenance nodes can be fetched: both
NLoc and NRID have NULL as their values.

Step 2: Compute the intermediate provenance nodes.
At the end of Step 1, we obtain the provenance tree tr’ in
Figure [d] To construct the intermediate provenance nodes,
we start from the leaf nodes, i.e., packet(@nl, nl,n3, “data”)
and route(@nl1,n3,n2), and re-execute the rule r1 to derive
packet(@n2,nl,n3, “data”). This process is repeated in a
bottom-up fashion to construct all the intermediate tuples
in Figure [3] until the root is reached.

The basic optimization still allows the user to query the
complete provenance trees, but incurs extra computational
overhead during the provenance querying to recover the in-
termediate nodes. The extra query latency is negligible, as
is shown in Section [6.1.3

5. EQUIVALENCE-BASED COMPRESSION

The storage optimization described in Section [ focuses
on reducing the storage overhead within a single provenance
tree. Building upon this optimization, we further explore
removing redundancy across provenance trees. We propose
grouping provenance trees of a DELP program into equiva-
lence classes, and only maintaining one copy of the shared
sub-tree within each equivalence class. Our definition of the
equivalence relation allows equivalent provenance trees to
be quickly identified through the inspection of equivalence
keys — a subset of attributes of the input event tuples — and
compressed efficiently at runtime. The equivalence keys can
be obtained through static analysis of the DELP.

5.1 Equivalence Relation

We first introduce the equivalence relation for provenance
trees. We say that two provenance trees tr and tr’ are equiv-
alent, written (tr ~ tr') if (1) they are structurally identical
— i.e., they share the identical sequence of rules — and (2)
the slow-changing tuples used in each rule are identical as
well. Specifically, two equivalent trees tr and tr’ only differ



at two nodes: (1) the root node that represents the output
tuple and (2) the input event tuple. The formal definition
of tr ~ tr’ can be found in Appendix In our packet for-
warding example, the provenance tree generated by a new
event packet(@nl,nl,n3,“url”) (with “url” as its payload)
is equivalent to the tree in Figure @

For each equivalence class, we only need to maintain one
copy for the sub-provenance tree shared by all the class
members, while each individual member in the equivalence
class only needs to maintain a small amount of delta in-
formation — i.e., the root node, the event leaf node, and a
reference to the shared sub-provenance tree. Additionally,
this definition of the equivalence relation has the benefit of
identifying equivalent provenance trees more efficiently than
traditional node-by-node comparison. In fact, we show that
the equivalence of two provenance trees can be determined
by the equivalence of the input event tuples in both trees,
based on the observation that the execution of a DELP is
uniquely determined by the values of a subset of attributes
in the input event tuple. For example, in the packet for-
warding program (Figure [1]), if the values of the attributes
(loc, dst) in two input packet tuples are identical, these two
tuples will generate equivalent provenance trees.

We denote the minimal set of attributes K in the input
event relation whose values determine the provenance trees
as equivalence keys. Two event tuples ev; and evs of a rela-
tion e are said to be equivalent w.r.t K, written evi ~g evs,
if their valuation of K is equal. Formally:

Definition 2 (Event equivalence). Let K = {e:i1,- -+ ,eiim},
et tn) ~r e(s1 - sn) ifVj € {i1, - ,im}, tj = s;.

Here, e:i denotes the i*" attribute of the relation e.

Based on the above discussion, our approach to compress-
ing provenance trees, with regard to a program D), consists
of the following two main algorithms. (1) an equivalence
keys identification algorithm, which performs static analy-
sis of D@ to compute the equivalence keys (Section ;
and (2) an online provenance compression algorithm, which
maintains the shared provenance tree for each equivalent
class in a distributed fashion (Section .

The correctness of using the event equivalence for deter-
mining the provenance tree equivalence is shown in Theo-
rem (Il The proof is discussed in Section [5.2

Theorem 1 (Correctness of equivalence keys). Given a pro-
gram D@ of DELP, and two input event tuples ev; and
evg, if evy ~k eve, where K are the equivalence keys for
DQ, then for any provenance tree tr; (try) generated by ev;
(evz ), there exists a provenance tree try (tr;) generated by
eve (evy) s.t. try ~ trg (try ~ try).

5.2 Equivalence Keys Identification

Given a DELP, we define a static analysis algorithm to
identify the equivalence keys of the input event relation. The
algorithm consists of two steps: (1) building an attribute-
level dependency graph reflecting the relationship between
the attributes of different relations and (2) computing equiv-
alence keys based on the constructed dependency graph. De-
tails of each step are given below.

Build the attribute-level dependency graph. An
attribute-level dependency graph G=(V, E) is an undi-
rected graph. Nodes of G represent the attributes in re-
lations. Specifically, for the i-th attribute of a relation rel,

: function GETEQUIKEYS(G, ev)
eqid + {}
eqid.append(ev:0)
nodes < event attribute nodes in G
for each ev:i in nodes do
for bnode in non-event nodes of G do
if ev:7 is reachable to bnode then
eqid.append(ev:i)
return eqid
: end function

Ju—

Figure 5: Pseudocode to identify equivalence keys

a vertex viz is created in G, labeled as (rel:¢). We refer in-
terested readers to Appendix [F]for an example graph of the
packet forwarding program.

Two vertices v1 and v2 are connected in G if and only if v1

represents an attribute attr; of the event relation in a rule r
and v2 represents another attribute attre in r, and satisfies
any of the following conditions: (1) attre is an attribute
with the same name as attr; in a slow-changing relation (e.g.
vl = packet:1 and v2 = route:1 in rule r1 of Figure [I)); (2)
attre is a head attribute with the same name as atir; (e.g.,
vl = packet:1 and v2 = recv:1 in 72 of Figure|l)); (3) attrs is
an attribute with the same name as attr; in an arithmetic
atom (e.g. vl = (packet:0) and v2 = ((D == L).left:0)
in rule 72 of Figure [1)); and (4) v is on the right hand
side of an assignment asn and attrs is on the left hand side
of asn. (e.g., if rule r2 of Figure [I| were to be redefined as
r2’ recv(QL, S, N, DT) :— packet(QL, S, D, DT), N := L+2.,
and vI = (packet:0) while v2 = (recv:2)).
Identify equivalence keys. Given the attribute-level de-
pendency graph G, we identify the equivalence keys of the
event relation ev using the function GETEQUIKEYS (Fig-
ure[5). GETEQUIKEYS takes G and ev as input, and outputs
a list of attributes eqid representing the equivalence keys.
In the algorithm, for each node (ev:i) in G, GETEQUIKEYS
checks whether (ev:i) is reachable to any node correspond-
ing to an attribute in a slow-changing relation, an arithmetic
atom, or an assignment. If this is the case, (ev:i) would
be identified as a member of the equivalence keys, and ap-
pended to eqid. We always include the attribute indicating
the input location of ev (e.g., (packet:0)) in the equivalence
keys, to ensure that the input event tuples on different net-
work nodes have different equivalence keys. When applied to
the packet forwarding program, GETEQUIKEYS would iden-
tify (packet:0) and (packet:2) as equivalence keys.

To prove Theorem we introduce the following deno-
tations. We use predicate joinSAttr(p:n) to denote that a
node p:n in the dependency graph has an edge to an at-
tribute in a slow changing relation, an arithmetic atom or
an assignment. We denote each edge between two attributes
(p:n, g:m) of tables that are not slow-changing (i.e., event tu-
ple and intermediary tuples) as predicate joinFAttr(p:n, g:m).
We inductively define connected(e:i,p:n) to denote a path
in the graph from the node (e:i) to the node (p:n) (us-
ing joinFAttr(p:n, g:m) predicates). We then formally define
what it means for K to be equivalence keys, given a DELP
as follows:

Definition 3. K are the equivalence keys for a program D@
of DELP, if Ve:i € K, either DQ F joinSAttr(e:i) or Ip,n
s.t. DQ F connected(e:i,p:n) and DQ F joinSAttr(p:n).



Instead of directly proving Theorem[I] we prove a stronger
lemma below that gives us Theorem [l| as a corollary. In
Lemma [2] we write ¢r : P to mean that ¢r is a derivation
tree of the output tuple P, and write DQ, DB, ev F tr : P
to mean that ¢r is a derivation tree for P using the program
D@, a database of materialized tuples DB, and the event
tuple ev.

Lemma 2 (Correctness of equivalence keys (Strong)).
If GETEQUIKEYS(G, ev) = K and evi ~k evs
and DQ, DB, evy E try : p(t1,...,tn),
then Jtra : p(s1, ..., 8n) s.t. DQ, DB, evs E tra : p(s1, ..., Sn)
and tri : p(ti, ..., tn) ~ tra : p(s1, ..., Sn)
and Vi € [1,n], t; # s; implies
3 s.t. DQVF connected(e:l,p:i) and £ & K.

Intuitively, Lemma |2| states that given two equivalent in-

put event tuples ev; and eve w.r.t. K, and ev; generates a
provenance tree tri, we can construct a tro for evs such that
tr1 and tra are equivalent — i.e., they share the same struc-
ture and slow changing tuples. Furthermore, if the two out-
put tuples p(t1,...,tn) and p(si, ..., sn) have different values
for a given attribute, this attribute must connect to a non-
equivalence keys attribute in the dependency graph. This
last condition allows for an inductive proof (Appendix
of Lemma [2] over the structure of the tree.
Time complexity. Next, we analyze the time complex-
ity of static analysis. Assume the DELP program D@ has
m rules. Each rule r has k£ atoms, including the head re-
lation and all body atoms. Each atom has at most ¢ at-
tributes. Hence, the attribute-level dependency graph G
has at most n=m * k % ¢ nodes. The construction of G takes
O(n?®) time, and the identification of equivalence keys takes
O(t* n) time. Normally ¢ is much smaller than n. There-
fore, the total complexity of static analysis is O(n?).

5.3 Online Provenance Compression

We next present an online provenance compression scheme
that compresses equivalent (distributed) provenance trees
based on the identified equivalence keys. In our compression
scheme, each execution of a DELP program D@, triggered
by an event tuple ev, is composed of three stages:

e Stage 1: Equivalence keys checking. FExtract
ev’s equivalence keys values v, and check whether v
has ever been seen from previous event tuples. If so,
set a Boolean flag existFlag to True. Otherwise, set

existFlag to False. Then tag existFlag along with ev.
e Stage 2: Distributed online provenance main-

tenance. If existFlag is True, no provenance informa-
tion is maintained for each rule execution. Otherwise,
the provenance nodes for the rule execution are main-
tained in a distributed fashion.

e Stage 3: Output tuple provenance maintenance.

When the execution finishes, associate the output tu-
ple to the shared provenance tree, to allow for future
provenance querying.

To illustrate this, Figure [f] presents an example consisting
of two packets traversing the network topology (from nl to
n3) in Figure |2| packet(@nl,nl,n3, “data”) is first inserted
for execution (represented by the solid arrows), followed by
the execution of packet(@nl,nl,n3,“url”) (represented by
the dashed arrows). The three stages of online compres-
sion are logically separated with vertical dashed lines. Ta-
ble |3| presents the (distributed) relational tables (i.e., the

ruleExec table and the prov table) that maintain the com-
pressed provenance trees for both executions. Next, we in-
troduce each stage in detail.

Equivalence Keys Checking. Upon receiving an input
event ev, our runtime system first checks whether the val-
ues of ev’s equivalence keys have been seen before. To do
this, we use a hash table htequi to store all unique equiva-
lence keys that have arrived. If ev’s equivalence keys eqid
already exists in htequi, a Boolean flag existFlag will be
created and set to True. This existFlag is supposed to ac-
company ev throughout the execution, notifying all nodes
involved in the execution to avoid maintaining the concrete
provenance tree. Otherwise, if eqid does not exist in htequi,
existFlag would be set to False, notifying the subsequent
nodes that a provenance tree should be concretely main-
tained. For example, in Figure@7 when the first packet tuple
packet(@nl,nl,n3, “data”) arrives, it has values (nl,n3)
for its equivalence keys, which have never been encoun-
tered before, so its eristFlag is False. But when the sec-
ond packet tuple packet(@Qnl,nl,n3,“url”) arrives, since it
shares the same equivalence keys values with the first packet,
the existFlag for it is True.

Distributed Omnline Provenance Maintenance. For
each rule r triggered in the execution, we selectively main-
tain the provenance information based on existFlag’s value.
if existFlag is False, the provenance nodes are maintained
as tuples in the ruleEzec table locally. Otherwise, no prove-
nance information is maintained at all. For example, in
Figure [6] when packet(@n2,nl,n3, “data”) triggers rule r1
at node n2, the existFlag is False. Therefore, we insert a
tuple ruleEzec(n2,rid2,r1,vidl,nl,rid3) into the ruleEzec
table at node n2 to record the provenance. The semantics of
the inserted tuple are the same as introduced in Section [4]
In comparison, when packet(@n2,nl,n3, “url”) triggers r2
at node n2, its existFlag is True. In this case, we simply
execute r2 without recording any provenance information.

Output Tuple Provenance Maintenance. For the ex-
ecution whose ezistFlag is True, we need to associate its
output tuple to the shared provenance tree maintained by
the execution whose existFlag is False. To do this, we use a
hash table hmap to store the reference to the shared prove-
nance tree. The key of hmap is the hash value of the equiv-
alence keys, and the value is the node closest to the root
in the shared provenance tree. For example, in Figure [6]
the provenance tree shared by two executions are stored in
hmap as {hash(n1,n8): (n3,ridl)}.

We then associate an output tuple tp to the shared prove-
nance tree st, by looking up its equivalence keys’ values in
hmap. The association is stored as a tuple in the prov table.
For example, in Figure [B] the first execution generates the
output tuple recv(@n3,nl,n3, “data”), which is associated
to the node closest to the root of the shared provenance
tree ((n8,ridl)). This association is reflected by the tu-
ple prov(n3, tidl,n3, ridl, evidl) in the prov table (Table |3).
evidl in the prov tuple is used to identify the event tuple pe-
culiar to the execution, which is not included in the shared
provenance tree.

Correctness of Online Compression. We prove the
correctness of the online compression algorithm by show-
ing that the distributed provenance elements maintained in
the ruleExec and prov tables contain the exact same set of
provenance trees of tuples derived by a semi-naive evalu-
ation (Theorem . We define the operational semantics
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Figure 6: An example execution of the packet forwarding program in Figure The program is first triggered

by packet(@nl,nl,n3,“data”), followed by packet(@nl,nl,n3, “url”).
ruleExec

Loc RID RULE VIDS NLoc | NRID

n3 rid1(shal(r2)) r2 NULL n2 rid2

n2 | rid2(shal(rl,vid1)) rl (vidI (shal(route(@Qn2,n3,n3)))) nl rid3

nl | rid3(shal(rl,vid2)) rl (vid2(shal(route(@nl,n3,n2)))) | NULL | NULL

prov

Loc VID RLoc | RID EVID
n3 | tid1l(shal(recv(@n3,nl, n3, “data”))) n3 rid1l | evidl(shal(packet(@nl,nl,n3,“data”)))
n3 tid2(shal(recv(@n3,nl,n3, “url”))) n3 ridl | evid2(shal(packet(@Qnl,nl,n3, “url”)))

Table 3: ruleExec table and prov table for compres

of the semi-naive evaluation of the program using a set of
transition rules of form: Csn —sny Csi’, where Csn denotes
the state of the semi-naive evaluation that stores the full
derivation trees as provenance . We also define a set of
transition rules of form: Cem oy Cor’ for the semi-naive
evaluation with our online compression algorithm. Here, Cem
denotes the state of the semi-naive evaluation with compres-
sion. We can assemble entries in the ruleExec and prov tables
to reconstruct a provenance tree. Given a provenance tree
P, we can also find the corresponding entries in the ruleExec
and prov tables. This correspondence is denoted as tr ~q P
and can be defined by induction over the structure of the
provenance tree.

Theorem 3 (Correctness of Compression). Vn € N and ini-
tial state Cinit, Cinit —n Csn then exists Com S.t. Cinit /Cm
Cem and for any derivation tree tr € Csy,, there exists a prove-
nance tree P € Cem 8.t. tr ~q P and for all provenance
trees P € Cem, there exists a derivation tree tr € Csp S.t.
tr ~q P. And the same is true for the semi-naive when
Cim’t /‘%‘M Ccm~

The above theorem states that if we execute a DELP D@
from an initial state Cini (no derivations are generated yet)
in n steps to a state Csn, then we can execute the same
program starting from the same initial state using the on-
line compression scheme. In the end, the ending state has
the same provenance. An implication of Theorem [3|is that
the compressed provenance trees, like traditional network
provenance, would faithfully record the system execution,
even if the execution is erroneous due to misconfiguration
(e.g., wrong routing tables).

sed provenance trees produced by Figure |§|

Theorem|[3]is a corollary of Lemma[d] which shows that the
semi-naive evaluation with the online compression scheme is
bisimilar to the one that stores the full derivation trees. The
bisimilarity relation shows that the provenance trees stored
by both evaluations have the same semantics.

Lemma 4 (Compression Simulates Semi-naive). Vn € N
giwven initial state Cinit, and Ciit —gy Csn then ICem s.t.
Cim't /(%M Ccm and Csn, Rc Ccm and vice versa.

We define a relation R¢ between Csn and Cem such that
Rc is a bisimulation relation: if Csn Rc C(:m, then Csn —>SN
Csn' implies there exists a state Cen’ s.t. Cem —sny Cem/
and Csn’ Re Cem’ and vice versa. The formal definition of
Csn Re Cem is presented in Appendix [G.I.1] Intuitively,
Rc relates two configurations that have the same program,
the same program execution state, and most importantly,
any provenance tree P € Cem, there exists a derivation tree
tr € Csn s.t. tr ~4 P and vice versa. This definition is
complex due to the distributed nature of the compression
and the possibility that tuples arrive out of order.

Proof details are given in Appendix[G.1] Briefly, we apply
induction over n, the number of steps taken by the execu-
tion. The key is to show that if one configuration takes a
step, the other configuration takes the same step and the
resulting states are again bisimular.

Generality of equivalence-based compression. The
idea of equivalence-based compression is not just applicable
to distributed scenarios, but can be generally used to com-
press arbitrary provenance tree sets maintained in a cen-
tralized manner as well. We adopt the definition of the
equivalence relation in Section[5.1]because it allows us to use



equivalence keys to efficiently identify equivalent provenance
trees, thus more suitable for the distributed environment
where networking resources (e.g., bandwidth) are scarce.

5.4 Inter-Equivalence Class Compression

The online compression scheme introduced in Section
focuses on intra-equivalence class compression of the prove-
nance trees — i.e., only the trees of the same equivalence
class are compressed. In fact, the provenance trees of differ-
ent equivalence classes can be compressed as well. For ex-
ample, assume a tuple packet(@n2,n2,n3, “ack”) is inserted
into n2 in Figure[f]for execution. The produced provenance
tree prov shares the provenance nodes rid! and rid2 in the
ruleExec table of Table[3] To avoid the storage of such redun-
dant rule execution nodes, we separate the ruleExec table into
two sub-tables: the ruleExecNode table and the ruleExecLink
table. The ruleExecNode table maintains the concrete rule
execution nodes, while the ruleExecLink table, which is main-
tained for each provenance tree tr individually, records the
parent-child relationship of the rule execution nodes in tr.
Table [4 presents the ruleExecNode table and the ruleExecLink
table for the ruleExec table in Table If two provenance
trees, whether in the same equivalence class or not, share
the same rule execution node nd, only one copy of the con-
crete nd will be maintained in the ruleExecNode table. Each
tree maintains a reference pointer pointing to nd in their
respective ruleExecLink tables.

ruleExecNode
Loc || RID | RULE | VIDS
n3 rid3 r2 NULL
n2 || rid2 rl (vid1)
nl || ridl rl (vid2)
ruleExecLink
Loc || RID | NLoc | NRID
n3 rid3 n2 rid2
n2 rid2 nl rid1l
nl ridl | NULL | NULL

Table 4: The ruleExecNode table and the ruleExecLink
table replacing the ruleExec table in Table [3| to allow
for compression of the shared rule execution nodes

5.5 Updates to Slow-changing Tables

Though we assume that slow-changing tables do not change
during a fixpoint computation, our system is designed to
handle these updates at runtime. Figure [7] presents an ex-
ample scenario based on Figure where the network admin-
istrator decides to use n4, instead of n2, as the next hop for
the packets sent from n! to n3. To redirect the traffic, the
administrator (1) deletes the route entry route(@nl,n3,n2),
and (2) inserts a new route entry route(@Qnl, n3,n4).

Deletion of a tuple from a slow-changing table, such as
route(@n1,n3,n2) in Figure [7] does not affect the stored
provenance, as provenance information is monotone — that
is, it represents the execution history which is immutable [26],
thus independent of the change of slow-changing tables.

However, when a tuple ¢p is inserted into a slow-changing
table, such as route(@n1,n4,n3) in Figurem the provenance
tree generated by tp could be incorrect or missing. For ex-
ample, in Figure [7] after route(@nl,n4,n3) is inserted, the
provenance trees for all subsequent packets need to be re-

route
L D N route

-@rt——hR3——n2- L D N

@n1 n3 n4 @n4 n3 n3

Figure 7: An updated topology of Figure A new
node n4 is deployed to reach n3. The route table of
nl is updated to forward packets to n/ now.

calculated. However, since these packets are not the first in
their equivalence classes, their existFlags are set to false. As
a result, the provenance tree for the packet traversal on the
path n1 — n4 — n8 would not be maintained.

To handle such scenarios, we require that, once a new
tuple tp is inserted into a node n’s slow-changing tables, n
should broadcast a control message sig to all the nodes in the
system. Any node receiving sig would reset the hash table
used for equivalence keys checking (Section . Therefore,
provenance trees will be maintained again for all equivalence
classes. In Figure after the insertion of route(@nl, n3,n4),
nl would broadcast a sig to all the nodes, including itself.
When the next packet pkt destined to n8 arrives at nl,
the packet would have its existFlag set as false. When this
packet traverses the path mi — n/ — n&, the nodes on
the path are expected to maintain the corresponding prove-
nance nodes. In all our network applications, the extra net-
work overhead incurred by the broadcast and the impact
on the effectiveness of compression due to reset of the hash
table is negligible, as slow-changing tables are updated in-
frequently in practice (relative to the rate of event arrival).
We experimentally validated this in Section [f]

5.6 Provenance Querying

To query the provenance tree of an output tuple tp, we
take the following steps:

e Compute the hash value hitp of tp, and find the tuple
prutp in the prov table that has htp as the value of the
VID attribute.

e Initiate a recursive query for the (shared) provenance
nodes in the ruleExec table, starting with the values
of (Loc, RID) in pruvtp. Also, tag the event ID evid

stored in the attribute EVID along with the query.
e When the recursive query reaches (NULL, NULL) for

the attributes (NLoc, NRID) in a ruleExec tuple, the
tagged evid is used to retrieve the event tuple materi-
alized at the first node of the execution.

For example, in Table [3] to query the provenance tree of
recv(@Qn3,nl, n3, “data”), we first find prov(n3, tidl, n3, ridl,
evidl), and use the values (n3,ridl) to initiate the recur-
sive query in the ruleExec table to fetch the provenance nodes
ridl, rid2 and rid3. evid is carried throughout the query,
and is used to retrieve the event packet(@nl,nl,n3, “data”)
when the query stops at ruleExec(nl, rid3, r1, vid2, NULL,
NULL). The above steps return a collection of entries from
the ruleExec and prov tables. We define a top-level algorithm
QUERY that reconstructs the full provenance tree tr based
on these entries. The pseudocode can be found in Figure



in Appendix[H.1.2] QUERY takes as input the network state
Cem of the online compression scheme, an output tuple P,
an event ID evid, and returns a set of provenance trees, each
of which corresponds to one derivation of P using the input
event tuple with ID evid. The above example has only one
derivation for the output tuple, so we return a singleton set.
Correctness of Querying. From the correctness of the
online compression algorithm (Theorem , we can prove
that all the provenance trees generated by the semi-naive
evaluation can be queried and the query algorithm will re-
turn the correct provenance tree. One subtlety is that the
compression algorithm may propagate updates out of order,
causing ruleExec entries to be referred to in a provenance tree
before being stored. We handle this subtlety by assuming
all updates are processed before querying.

Theorem 5 (Correctness of the Query Algorithm).
Vn € N, given initial state Cinit S.t. Cinit —>¢opg Cem
and there are no more updates to be processed,
then ACsn s.t. Cz'm't _>gN Csn
and Ytr:P in the output provenance storage of Csn
s.t. hash(EVENTOF(tr)) = evid,
IM s.t. QUERY(Cem, P, evid) = M and tr € M
and Vtr' € M\tr, tr' is a proof of P stored in Csn
and hash(EVENTOF (tr')) = evid.

Details of the proof are in Appendix ??. Briefly, by The-
orem, there exists Csn S.t. Cinit —>gn Csn and Csn Re Cem.
By Csn Re Cem, we know that for any ¢r of tuple P in Csn,
there exists a corresponding provenance tuple prov in Cem
that stores an association to the root of some provenance
tree P for P, and that ¢r corresponds to P (ir ~4 P). We
induct over the depth of P to show that given the root of P,
the recursive lookup will return P. Now, it is straighforward
to reconstruct ¢r from P, as the return value of QUERY.

6. EVALUATION

We have implemented a prototype based on enhancement
to the RapidNet [13] declarative networking engine. At
compile time, we add a program rewrite step that rewrites
each DELP program into a new program that supports on-
line provenance maintenance and compression at runtime.
We evaluate our prototype to understand the effectiveness
of the online compression scheme. In all the experiments,
we compare three techniques for maintaining distributed
provenance. The first is ExSPAN [27], a typical network
provenance engine . We maintain uncompressed provenance
trees in the same way as ExSPAN. The second is the dis-
tributed provenance maintenance with basic storage opti-
mization (Section [4). The third is the provenance mainte-
nance using equivalence-based compression (Section . In
the evaluation section, we refer the three techniques as ExS-
PAN, Basic, and Advanced respectively.

Workloads. Our experiments are carried out on two clas-
sic network applications: packet forwarding (Section and
DNS resolution. DNS resolution is an Internet service which
translates human-readable domain names into IP addresses.
Both applications are event-driven, and typically involve
large volume of traffic during execution. The high-volume
traffic incurs large storage overhead if we maintain prove-
nance information for each packet/DNS request, which leaves
potential opportunity for compression. The workloads are
also sufficiently different to evaluate the generality of our ap-

proach. Packet forwarding involve larger messages along dif-
ferent paths in a graph, while DNS lookups involve smaller
messages on a tree-like topology.

Testbed. In our experiment setup, we write the packet
forwarding and DNS resolution applications in DELP, and
use our enhanced RapidNet [13] engine to compile them into
low-level (i.e., C4++) execution codes.

The experiments for measuring storage and bandwidth are
run on the ns-3 [14] network simulator, which is a discrete-
event simulator that allows a user to evaluate network ap-
plications on a variety of network topologies. The simula-
tion is run on a 32-core server with Intel Xeon 2.40 GHz
CPUs. The server has 24G RAM, 400G disk space, and
runs Ubuntu 12.04 as the operating system. We run mul-
tiple node instances on the same machine communicating
over the ns-3 simulated network.

Performance Metrics. The performance metrics that we
use in our experiments are: (1) the storage overhead, and
(2) the network overhead (i.e., bandwidth consumption) for
provenance maintenance, and (3) the query latency when
different provenance maintenance techniques are adopted.

In our experiments, the relational provenance tables are
maintained in memory. To measure the storage occupation,
we use the boost library [19] to serialize C++ data structures
into binary data. At the end of each experiment run, we
serialize the per-node provenance tables (i.e., ruleExec table
and prov table) into binary files, and measure the size of files
to estimate the storage overhead.

6.1 Application #1: Packet Forwarding

Our first set of results is based on the packet forward-
ing program in Figure [l The topology we used for packet
forwarding is a 100-node transit-stub graph, randomly gen-
erated by the GT-ITM [24] topology generator. In par-
ticular, there are four transit nodes — i.e., nodes through
which traffic can traverse — in the topology, each connect-
ing to three stub domains, and each stub domain has eight
stub nodes — i.e., nodes where traffic only originates or
terminates. Transit-transit links have 50ms latency and
1Gbps bandwidth; transit-stub links have 10ms latency and
100Mbps bandwidth; stub-stub links have 2ms latency and
50Mbps bandwidth. The diameter of the topology is 12,
and the average distance for all node pairs is 5.3. Each node
in the topology runs one instance of the packet forwarding
program.

In the experiment, we randomly selected a number of node
pairs (s, d) — where s is the source and d is the destination—
and sent packets from s to d while the provenance of each
packet is maintained. To allow the packets to be correctly
forwarded in the network, we pre-computed the shortest
path p between s and d using a distributed routing pro-
tocol written as a declarative networking program|11]. The
routes are stored in the route tables at each node in p.

6.1.1 Storage of Provenance Trees

Figure |8 shows the CDF (Cumulative Distribution Func-
tion) graph of storage growth for all the nodes in the 100-
node topology. In the experiment, we randomly selected
100 pairs of nodes, and continuously sent packets within
each pair at the rate of 100 packets/second. As packets are
transmitted, their provenance information is incrementally
created and stored at each node (and optionally compressed
for Basic and Advanced). We calculated the average storage
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growth rate of each node, and plotted a CDF graph based
on the results. We observe that ExSPAN has the highest
storage growth rate among the three: 20% of the nodes have
storage growth greater than 5 Mbps; 4% of nodes (i.e., tran-
sit nodes) have storage growth greater than 30 Mbps. This
is because a number of node pairs share the same transit
node in their paths. As expected, Basic has less storage
growth rate compared to ExXSPAN, as it removes intermedi-
ate packet tuples from the provenance tables of each node.
Advanced significantly outperforms the other two: all the
nodes in the topology has less than 2 Mbps storage growth
rate. The gap between Advanced and ExSPAN results from
the fact that Advanced only maintains one representative
provenance tree for each pair of nodes, while ExSPAN has
to maintain provenance trees of all the traversing packets.

Figure [0] shows the total storage usage with continuous
packet insertion. We ran the experiment for 100 seconds
and took a snapshot of the storage every 10 seconds. The
figure shows that ExSPAN has the highest storage overhead.
For example, it reaches the storage of 11.8 GB at 90 seconds,
and keeps growing in a linear fashion. Basic has a similar
pattern, with 9.2 GB at 90 seconds. However, Advanced
presents lower storage growth, where at 90 seconds it only
consumes storage space of 0.92 GB. We further calculate
the average growth rate for all three lines. ExSPAN’s stor-
age grows at 131 MB/second, Basic at 109 MB/second, and
Advanced at 10.3 MB/second. This means that ExSPAN
could fill a 1TB disk within 2 hours, Basic within 2.5 hours,
whereas Advanced more than one day.

Figure shows the storage usage when we increase the
number of communicating pairs, but keep the total number
of packets the same (i.e., 2000 packets). All the packets
are evenly distributed among all the communicating pairs.
We observe that the storage usage of ExSPAN and Basic
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remains almost constant: ExSPAN’s total storage usage is
around 27 MB and Basic’s total storage usage is around 21
MB. This is because in both cases, each packet has a prove-
nance tree maintained in the network, irrelevant of its source
and destination. The burst of storage at the beginning of
the experiments for ExSPAN and Basic is due to the fact
that sizes of provenance trees also depend on the length of
the path that each packet traverses. In our experiment, the
initial node pairs happen to have path length shorter than
the average path length in the topology, thus incurring less
storage overhead.

For the case of Advanced, its storage usage increases with
the number of communicating pairs. This is because each
communicating pair forms an equivalence class, and main-
tains one copy of the shared provenance tree in the equiva-
lence class. Therefore, whenever a new communicating pair
is added to the experiment, we need to maintain one more
provenance tree for that pair, which increases the total stor-
age. Despite the storage increase, Advanced still consumes
much less storage space than the other two schemes.

In summary, we observe that Basic is able to reduce stor-
age growth, and in combination with the equivalence-based
compression (Advanced), the storage reduction is significant
—i.e., a 92% reduction over ExSPAN.

6.1.2 Network Overhead.

Figure[IT]presents the bandwidth utilization when we ran-
domly selected 500 pairs of nodes and each pair communi-
cated 100 packets. As expected, the bandwidth consump-
tion of Advanced is close to the ones of ExSPAN and Basic.
This is because the extra information carried with each pack-
ets is merely ezistFlag and some auxiliary data (e.g., hash
value of the event tuple), which is negligible compared to the
large payload of the packets. We repeated the experiment



for Advanced, but updated a route every 10 seconds, in or-
der to study the effects of updates to slow-changing tuples.
We observe a negligable bandwidth increase of 0.6%.

6.1.3 Query Latency

To evaluate latency of queries, we used an actual dis-
tributed implementation that can account for both network
delays and computation time. We ran the packet forward-
ing application on a testbed consisting of 25 machines. Each
machine is equipped with eight Intel Xeon 2.67 GHz CPUs,
4G RAM and 500G disk space, running CentOS 6.8 as the
operating system.

On each machine, we ran up to four instances of the same
packet forwarding application with provenance enabled. In-
stead of communicating via the ns-3 network, actual sock-
ets were used over a physical network. In total, there were
100 nodes, connected together using the same transit-stub
topology we used for simulation.

In our experiment, we executed 100 queries, selected on
random nodes, where each query returns the provenance tree
for a recv tuple corresponding to a random source and desti-
nation pair, where the destination node is the starting point
of the query. The query is executed in a distributed fashion
as described in Section [5.6] Based on our physical network
topology, each query takes 5.3 hops on average in the net-
work. We repeated the experiment for Basic, Advanced, and
ExSPAN for 100 queries each.

Figure shows our experimental results in the form of
a CDF of query latency. We observe that both Basic and
Advanced have latency numbers that are significantly lower
compared to ExSPAN. For example, the mean/median for
ExSPAN is 75ms and 74ms respectively, as compared to
only 25.5ms and 25ms for Basic. This is approximately a
3X reduction in latency times. The extra overhead is due to
ExSPAN’s need in processing the larger intermediate tuples.
Basic and Advanced avoid this overhead by symbolically red-
eriving intermediate results during query execution.

6.2 Application #2: DNS Resolution

DNS resolution [12] is an Internet service that translates
the requested domain name, such as “www.hello.com”, into
its corresponding IP address in the Internet. In practice,
DNS resolution is performed by DNS nameservers, which
are organized into a tree-like structure, where each name-
server is responsible for a domain name (e.g., “hello.com”
or “com”). We used the recursive name resolution protocol
in DNS, and implemented the protocol as a DELP program
(see Appendix. During the execution of each DELP DNS
program, provenance support is enabled so that the history
DNS requests can be queried.

We synthetically generated the hierarchical network of
DNS name servers. In total, there were 100 name servers,
and the maximum tree depth is 27. Our workload consists
of clients issuing requests to 38 distinct URLs. In total,
DNS requests were issued at a rate of 1000 requests/second.
Our topology resembles real-world DNS deployments. Prior
work [8] has shown that in reality, the requested domain
names satisfy Zipfian distribution. In our experiments, we
adopted the same distribution.

6.2.1 Storage of Provenance Trees

Figure[I3]shows the provenance storage growth rate for all
nameservers in the Domain Name System over a 100 seconds
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duration. We measure the storage growth of each name-
server by first measuring the growth rate of each 10-second
interval, and calculating the average growth rates over all
10 intervals. We observe that ExSPAN has the largest stor-
age growth rate for each node among the three experiments,
while Advanced has the lowest storage growth rate. Note
that the reduction of storage growth rate in Figure [[3]is not
as significant as that in the packet forwarding experiments
(Figure . For example, 80% of nameservers in ExSPAN
have storage growth rate less than 476 Kbps. while the rate
is 121 Kbps for Advanced. Advanced is four times better
than ExSPAN, compared to 11 times in packet forwarding.
The reason is that, compared to packet forwarding, we rate
the total throughput of incoming events — i.e., packet tuples
in packet forwarding and request tuple in DNS resolution —
and this causes the storage growth rate at each node using
either ExSPAN and Basic to drop as well.

Figure shows the provenance storage growth for all
name servers. We record the current storage growth rate at
10-second intervals. In Figure [I6] the storage of ExSPAN
and Basic grow much faster than that of Advanced. Specif-
ically, the growth rate of ExSPAN, Basic and Advanced are
13.15 Mbps, 11.57 Mbps and 3.81 Mbps respectively, and
the storage space at 100 seconds reaches 1.32 GB, 1.16 GB,
and 0.38 GB respectively. With the given rates, ExSPAN
would fill up a 1TB disk within 21 hours, Basic within 24
hours, and Advanced up to 3 days.

Figure shows the storage growth when we increased the
number of requested URLs. In this experiment, we fixed the
total number of requests at 200, so that when more URLs
were added, there would be fewer duplicate requests. In Fig-
ure[T4] the storage overhead for ExSPAN and Basic remains
stable at around 2.5 MB and 2.26 MB respectively. This is
because the storage overhead is mostly determined by the
number of provenance trees, which is equal to the number of
incoming requests (i.e., 200 in this case). For Advanced, the
storage grows at a rate of 11.6 Kb per URL. This is expected
as we need to maintain one provenance tree for each equiv-
alence class, and the number of equivalence classes grows in
proportion to the number of URLs. Similar to our packet
forwarding results, despite the storage growth, Advanced
still requires significantly less storage compared ExSPAN
and Basic. Unless a URL is only requested once (highly un-
likely in reality), which represents the worst possible case for
Advanced, Advanced always performs better than ExSPAN
and Basic.

6.2.2 Network Overhead

Figure [I5] shows the bandwidth usage with elapsed time
when we continuously sent 100,000 requests to the root name-
server. All three experiments finish within 102 seconds.
Throughout the execution, ExSPAN and Basic have simi-
lar bandwidth usage, which is stable at around 4.5 MBps.
On the other hand, Advanced’s bandwidth usage is about
6 MBps, which is about 25% higher than the other two
techniques. This is because unlike in the packet forward-
ing experiments where each packet carries a payload of 500
characters, each DNS request does not have any extra pay-
load. Therefore, the meta-data tagged with each request
(e.g., existFlag) accounts for a large part of the size of each
request, resulting in higher additional bandwidth overhead.

7. RELATED WORK
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200 requests sent in total.

Network provenance has been proposed and developed by
ExSPAN [27] and DTaP [26]. These two proposals store un-
compressed provenance information, laying the foundation
for our work. In database literature, a number of works have
considered optimization of provenance storage. However, we
differ significantly in our design due to the distributed nature
of our target environment. We briefly list a few representa-
tive bodies of work, and explain our differences.

Woodruff et al. [20] reduce storage usage for maintaining
fine-grained lineage (i.e., provenance) by computing prove-
nance information dynamically during query time through
invertible functions. Their approach tradeoffs storage with
accuracy of provenance. On the other hand, our approach
requires no such tradeoff, achieving the same level of accu-
racy as queries on uncompressed provenance trees.

Chapman et al. 3] develop a set of factorization algo-
rithms to compress workflow provenance. Their proposal
does not consider a distributed setting. For example, node-
level factorization (combining identical nodes) requires ad-
ditional states to be maintained and propagated from node
to node during provenance maintenance to resolve potential
ambiguities. Maintaining and propagating these states can
lead to significant communication overhead in a distributed
environment. In contrast, our solution uses the equivalence
keys to avoid comparing provenance trees on a node-by-node
basis, and hence minimizes communication overhead during
provenance maintenance.

Our compression technique implicitly factorizes provenance
trees at runtime before removing redundant factors among
trees in the same equivalence class. Olteanu et al. [15]]16]
propose factorization of provenance polynomials for con-
junctive queries with a new data structure called factoriza-
tion tree. Polynomial factorization in [16] can be viewed
as a more general form of the factorization used in the
equivalence-based compression proposed in this paper. If we
encode the provenance trees of each packet as polynomials,
the general factorization algorithm in [16], with specialized
factorization tree, would produce the same factorization re-
sult in our setting. Our approach is slightly more efficient,
as we can skip the factorization step by directly using the
equivalence keys at runtime to group provenance trees for
compression. Exploring the more general form of factor-
ization in [16| for provenance of distributed queries is an
interesting avenue of future work.

ProQL [9] proposes to save the storage of single prove-
nance tree by (1) using primary keys to represent tuples in
the provenance, and (2) maintaining one copy for attributes
of the same values in a mapping (rule). These techniques
could also be applied alongside our online compression algo-

100,000 DNS requests.
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quests at 1000 requests/second.

rithm to further reduce storage. ProQL does not consider
storage sharing across provenance trees. Amsterdamer et
al. [1] theoretically defines the concept of core provenance,
which represents derivation shared by multiple equivalent
queries. In our scenario, the shared provenance tree of each
equivalence class can be viewed as core provenance.

Xie et al. 23| propose to compress provenance graphs with
a hybrid approach combining Web graph compression and
dictionary encoding. Zhifeng et al. |2| proposes rule-based
provenance compression scheme. Their approaches on a high
level compresses provenance trees to reduce redundant stor-
age. However, these approaches require knowledge of the
entire trees prior to compression, which is not practical, if
not impossible, for distributed provenance.

Provenance has been applied to network repairing |22} |21}
4] where root-cause analysis is used to identify and fix config-
uration errors in networks. Network repairing is orthogonal
to our work, but can benefit from our compression tech-
niques to reduce the storage of provenance maintenance.

8. CONCLUSION & FUTURE WORK

In this paper, we propose an online, equivalence-based
compression scheme for the maintenance of distributed net-
work provenance. Equivalent provenance trees are identified
at compile time through static analysis of the declarative
program, whereas our runtime maintains only one concrete
representative provenance tree for each equivalence class.
Our evaluation results show that the compression scheme
saves storage significantly, incurs little network overhead,
and allows for efficient provenance query. As future work,
we plan to extend our compression scheme to provenance
trees generated by multiple programs that run concurrently.
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APPENDIX
A. DELP FOR DNS RESOLUTION

r1 request(QRT,URL, HST, RQID) :—
url(@QHST,URL, RQID).
rootServer(QH ST, RT).

r2 request(QSV,URL, HST, RQID) :—
request(QX,URL, HST, RQID),
nameServer(@QX, DM, SV).
f_isSubDomain(DM, URL) == true.

78 dnsResult(@QX,URL,IPADDR, HST, RQID) :—
request(QX,URL, HST, RQID),
addressRecord(@QX,URL,IPADDR).

r4 reply(QHST,URL, [PADDR, RQID) —
dnsResult(@X,URL,IPADDR, HST, RQID).

Figure 17: DELP for DNS resolution

Figure [7] shows the DELP encoding of the recursive DNS resolution. The program is composed of four rules. Rule 71
forwards a DNS request of ID RQID to the root nameserver RT for resolution. The request is generated by the host HST for
the URL URL. Rule r2 is triggered when a nameserver X receives a DNS request for URL, but has delegated the resolution of
sub-domain DM corresponding to URL to another nameserver SV. Rule 72 then forwards the DNS request to SV for further
DNS resolution. Rule r3 generates a DNS resolution result containing the IP address I[PADDR corresponding to the requested
URL, when URL matches an address record on the nameserver X. Finally, Rule 4 is responsible for returning the DNS result
to the requesting host HST.

B. DELP PROGRAMS

We present the syntax of DELP’s programs in Figure[B] A DELP program D( is composed of an ordered list of rules. Each
rule r consists of a head hd and a body body. A rule head is a relation, while a rule body consists of a list of body elements
which are either relations, assignments or constraints. Intuitively, a DELP rule specifies that the head tuple is derivable if all
the body tuples are derivable and all the constraints are satisfied.

DELP Program DQ [ri, 7]

DELP Rule r hd :- body

Rule Head hd == ev|res|P

Rule Body body ev,Bi, -+ ,Bnai, - ;am,C1, * ,CN

Figure 18: Syntax of DELP programs

We explain the relations that appear in each DELP rule in Figure [B]

First we define some constructs that are used to specify the relations. Terms are either variables represented by x, or
constants represented by c. Each DELP rule in D@ has a unique identifier /D for reference.

Each tuple in the program has a location specifier to declare its location. The location specifier is the first attribute in a
relation and is represented by @rn. We prepend the first attribute of a relation with the “@Q” symbol as a reminder that it
represents the location of the relation. In particular, we write ¢ to refer to a concrete location specifier and ¢ to denote a
variable representing a location specifier.

All relations in the body of a rule must reside on the same node. However, the rule head can be location on a different node
from the rule body. In this case, when the rule is executed, the derived head tuple is sent across the network to the remote
node. We discuss the operational semantics of DELP in further detail in appendix

We define a declaration I' to describe types of relations that can appear in D@Q. Furthermore, I' also stores the primary
keys for each tuple, which always includes the location specifier.

DELP distinguishes between slow-changing tuples and fast-changing tuples. Slow-changing tuples are assumed to be
populated upon system initialization and do not change during a fixpoint computation.

Slow-changing relations have type “slow” to specify that they do not change during a fixpoint execution. We write B to
refer to a slow-changing tuple and b(@/s, &p) to specify that a slow-changing relation has arguments @£y, Tp.

A relation of type “fast” refers to a fast-changing relation of program that does not appear in the body of rule 1. We write
P to refer to a fast-changing tuple and p(@Z,, %) to specify that a fast-changing relation has arguments @¢,, #,. In some
cases, we may also use @ and ¢(Q@Qf4, Z,) to denote a fast-changing tuple.

14



A relation of type “event” refers to the the fast-changing event relation in the first rule of the program. When an event
tuple arrives on a node, it triggers program execution. We write ev to refer to an event tuple and e(@Q/., ) to specify that
the event relation has arguments @/, Z..

Finally, a relation of type “interest” refers to a fast-changing relation that the user additionally specifies as a relation of
interest. Our compression algorithm stores the provenance of rules fired, but normally omits storing tuple provenance to save
space. The user must specify a fast-changing relation is specified to be a relation of interest, in order for our algorithm to
store corresponding tuple provenance. We write res to refer to a tuple of a relation of interest and r(@/,, Z,) to specify that
the relation of interest has arguments @¢,., Z,.

Each rule in D@ consist of one fast-changing relation (that may be of type event, fast, or interest) that triggers execution
of the rule when it arrives on a node ¢ and joins on the other slow-changing relations (of type slow) present in local database
of node ¢.

Terms t = z|c

Rule Identifier rlID == rID

Location Specifier n = ¢

Declaration r = e [equivalence__keys, K|, [tuple, event], [primary__keys, j1:: - - ::jn]
| p — [tuple, fast], [primary__keys, ji:: - - ::jn]
| 7 +— [tuple, interest], [primary__keys, ji::- - ::jn]
| b — [tuple, slow], [primary__keys, ji:: -+ - ::jn]

Event relation ev = e(@n,1)

Slow-changing relation B m= b(Q@n, f)

Derived relation P = p(@n,1)

Relation of interest — res == r(Qn,1)

Figure 19: Syntax of relations that appear in DELP rules

Besides relations, rules may also contain assignments or constraints. Assignments are used to specify a fresh variable in
the head tuple. The are computed either using a deterministic function that takes variables in the body relations as inputs
and outputs the value of the fresh variable, or returned by an arithmetic expression composed from variables in the body
relations. Finally, constraints are used to restrict the tuples that are used to execute a rule.

Assignment a n= t:=FuN{)|t:=ar
Arithmetic operator aop = +| — | x |+

Arithmetic expression ar = t | ari aop ars

Arithmetic Operator aop == +| —| X |+
Comparator cop = >|>|=|<]|<
Binary Operator bop == A|V]|D

Constraint c = ary cop arz|c1 bop cz | —c

Figure 20: Syntax of DELP rules
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C. CORRECTNESS OF STATIC ANALYSIS

Given a DELP program D(, two provenance trees tr and tr’ generated by bottom-up execution of DQ are said to be
equivalent if they are structurally identical — i.e., they trigger an identical sequence of rules — and join with identical slow-
changing tuples in each rule. Thus, ¢r and tr’ only differ at two nodes: (1) the root node that represents the output tuple and
(2) the input event tuple. We denote the minimal set of attributes K in the input event relation whose values determine the
provenance trees as equivalence keys. In Section 5.2} we defined a static analysis algorithm to identify the equivalence keys of
the input event relation. In this section, we show that our static analysis algorithm is correct.

C.1 Definitions

We define additional constructs we used to prove that our static analysis is correct. We write DB to denote a set of slow-
changing tuples and derived fast-changing tuples corresponding to relations in DQ. We write DQ, ev, DB F tr : P to mean
that tr is a derivation tree for tuple P using program D@ and materialized tuples DB. Tuple P is the root of {r and event
tuple ev is the left-most leaf of ¢r. A provenance tree tr: P represents the full derivation of the derived tuple P. The semantics
of DELP programs are bottom up, so in the base case only one rule was fired to derive P. This rule was the first rule of the

DELP program has unique identifier /D and was triggered by event tuple ev to join on slow-changing tuples Bi,--- , B,. In
the inductive case, tuple @ is a fast-changing tuple that is not an event tuple. It triggered execution of a rule with unique
identifier rID and joined with slow-changing tuples By, - , B, to derive tuple P.

Materialized tuples DB
Provenance Tree tr

.| DB, P
(rID, P, ev, By::---::Byp) | (rID, P, tr:Q, B1:: - - - :By)

C.2 Properties

Next, we define several rules that we will use to prove the correctness of equivalence keys.

Given a rule 7ID p(Z,) - ¢(Zq), - - - € DQ, we define rules the capture the ways in which attributes of trigger tuple ¢(Z,) are

connected to slow-changing tuples We write DQ b joinSAttr(g:¢) to mean that the i™ attribute of ¢ is The rules are:

Rule Join-Stow. If an attribute on a fast-changing relation in the body of a rule is the same as an attribute on a slow-changing
relation in the body, then that fast-changing attribute joins with a slow-changing attribute.

Rule Join-Func-ATTR. If an attribute on a fast-changing relation in the body of a rule is the same as an attribute that appears
on the right-hand side of an assignment, then that fast-changing attribute joins with a slow-changing attribute.

Rule Join-AriTH-LEFT. If an attribute on a fast-changing relation in the body of a rule is the same as an attribute that
appears on the left-hand side of an arithmetic constraint, then that fast-changing attribute joins with a slow-changing
attribute.

Rule Join-AriTH-RIGHT. If an attribute on a fast-changing relation in the body of a rule is the same as an attribute that

appears on the right-hand side of an arithmetic constraint, then that fast-changing attribute joins with a slow-changing
attribute.

D@+ joinSAttr(p:i) |

rID p(Zp) - q(Zq), b1(To1), -, bu(Tor), -+, bn(Ton), - € DQ i = by:j

JoIN-S
DQ"jOinSAttr(q:i) OIN-SLOW

rID p(E,) - (7)), Fiiy = F(Z), - €DQ  qj =5k
DQF+ joinSAttr(q:7)

JOIN-FUNC-ATTR

rID p(fp) - Q(ECIL e >G'L(‘i:aL)b0p aR(fGR)7 e € DQ aL'j = ql

JOIN-ARITH-LEFT
DQ F joinSAttr(q.7)

rID p(Zp) - ¢(Tq),- - s aL(Tar)bop ar(Zar), - € DQ  ar.j = q.i

JOIN-ARITH-RIGHT
D@+ joinSAttr(q.i)

Given a rule rID p(Zp) - q(Zy), -+ € DQ, rule JoiN-HeaD states that head tuple p(Z,) is connected to the fast changing
tuple ¢(Z,) in the body if they share identical values for their attributes.

| DQ + joinFAttr(g:i, p:7) |

rID p(%p) - q(Zq), - € DQ  pij =qii

. — JOIN-HEAD
DQ F+ joinFAttr(q:i, p:j)
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We write DQ F connected(e:i,p:j) to mean that the i™ attribute of the input event relation e is connected to the j™
attribute of the fast-changing relation p.

Rule ConNecTED-SLOow. If the i attribute of the input event relation e joins with the j attribute of the fast-changing
relation p, then p:j is connected to e:i

Rule ConnecteD-Join. If the i™ attribute of the input event relation e is connected to the j™ attribute of the fast-changing
relation ¢, and if the j™ attribute of the fast-changing relation ¢ joins with the k* attribute the fast-changing relation
p, then the i attribute of the input event relation e is connected to the k™ attribute the fast-changing relation p.

| DQ + connected(q:i,p:7) |

DQ F joinFAttr(e:i, p:5) DQ + connected(e:i, q:5) D@+ joinFAttr(q:j, p:k)
- — CONNECTED-SLOW - CONNECTED-JOIN
D@+ connected(e:i,p:j) D@+ connected(e:i, p:k)

An attribute e:i of event tuple e is in the set of equivalence keys (DQ | e:i € equi__attr) if it is connected to a slow changing
tuple.

Rule EqQui-DIRECT. e:i is in the set of equivalence keys when it shares attributes with a slowing changing tuple within a rule

Rule Equi-ReEacHABLE. Alternatively, if e:i is connected to an attribute of a fast-changing tuple ¢:j, and g:j joins with an
attribute of some slow changing tuple, then e:i is also in the set of equivalence keys.

| DQF e e equiiattr|

DQ F joinSAttr(e:i) DQt joinSAttr(q:5) D@+ connected(e:i, q:5)
- - EQui-DIRECT - - EQUI-REACHABLE
DQF e € equi__attr DQF e € equi__attr

Two provenance trees tr1 and ¢ry that store the provenance of two separate executions of D@ are equivalent (ir1 ~x tra)
if their input event tuples are equivalent and they differ only at derived tuples.

Rule ~g-Base. In the base case, only one rule has been fired. If the input event tuples that triggered both executions is
equivalence, and both executions used the same slow-changing tuples to fire that rule, then their derivation trees tr; and
tro are the same.

Rule ~g-Inpuctive. If tr and ¢’ are equivalent derivation trees for tuples (Q and Q' respectively, the resultant derivation
trees after Q and Q' have been used to fire one subsequent rule using the same slow-changing tuples are again equivalent.

t’l“1 ~NEK tTQ

ev ~g ev s
~-BASE
(rID, P, ev, Bs: -~ :By) ~x (rID, P’ et Byi---:Byn)
tr ~g tr’ |
~ g -INDUCTIVE
(rID, P, tr,By:: -+ ::By) ~g (rID, P tr' Bi:--- :Bp) K

C.3 Lemmas and Proofs

Correctness of equivalence keys (Theorem [1)) shows that given a DELP program D@, the equivalence keys that our method
returns is able to determine the equivalence class of any incoming event tuple. We always include the attribute indicating the
input location of ev in the equivalence keys to prevent the input event tuples on different network nodes from having identical
equivalence keys. Instead of directly proving Correctness of equivalence keys (Theorem , we prove a stronger lemma about
provenance trees that gives us Theorem [I] as a corollary.

This theorem states that given two equivalent input event tuples evi; and eve w.r.t. K, where K is identified by our static
analysis algorithm, and that ev; generates provenance tree tri, we can construct a tre for evs such that ¢r; and tro are
equivalent — i.e., they share the same structure and slow changing tuples; further, the result (query) tuples of these two trees
only differ in attributes that connect to attributes of the input event tuple that are not part of the equivalent key. This
additional condition allows for an inductive proof over the structure of the tree.
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C.3.1 Correctness of equivalence keys

Theorem 1 (Correctness of equivalence keys).
GETEQUIKEYS(DQ,T) = K

and e(Qu,te,, - yte,,) ~K €(Qr, Se1, -, Sem)
and DQ,DB,e(Qu,te,, + ,te,) Ftry i pty, - ,tn)
implies
Jtra : p(s1,- -+, Sn) s.t.

DQ,DB,e(Qu, Se1,- - ,Sem) F tra : p(s1,-- -, Sn)

and tri: p(ti, - ,tn) ~K tra :p(s1,- -, Sn).
Proof.
Assume

(1) GETEQUIKEYS(DQ,T") = K
(2) 6(@L, te] P atem) ~K 6(@L, Sel, - ,Sem)

(3) DQ7DB>e(@L7t€17" ' 7t€m) Fir :p(th' e 7t’ﬂ)

By (1), (2), and (3) we apply Correctness of equivalence keys (Strong) to obtain that
(4) Jtra:p(si, -+, 8n) s.t.
DQ,DB,e(Qu, Se1,- "+ ,Sem) F tra i p(s1,-- -, Sn)
and tr1 : p(ti, - ,tn) ~K tra : p(s1,- - ,Sn)
and Vi € [1,n], t; # s; implies 3¢ s.t. DQF connected(e:l, p:i) and £ ¢ K

By (4),
The conclusion follows

C.3.2 Correctness of equivalence keys (Strong)
Lemma 2 (Correctness of equivalence keys (Strong)).
GETEQUIKEYS(DQ,T') = K
and evy ~k evs
and DQ, DB, evi F try : p(ty, -+ ,tn)

implies
Itro : p(s1,-- -, 8n) s.t.
DQ, DB, evs E tra : p(s1,-++ ,8n)
and tri : p(ti, -+ ,tn) ~K tro i p(s1, -+, Sn)
and Vi € [1,n],
ti 55 Sq
implies
3¢ s.t. DQF connected(e:f, p:i) and £ & K.
Proof.
By induction over the structure of #rf.
Base Case: tri:p(tp1, - s tpn) = (e(tet, - s tem), (TID, p(tp1), ba(Tp1):: - - - by (Fow )iznil):p(tpr, - -, tpm)

We show that Jtra:p(sp1, -, Spn) S.t. DQ, DB e(Se1, " ySem) F tra:p(spi, -+, Spn)-
By the assumptions,
(i1) 3r € DQ s.t.

r= 71ID p(xp1, - ,Tpn) = e(Tel,  ,Tem),
bl(a_:’bl)y"' 7bN(£bN)7 EDQ
F1 LY = FUNl(Zl), oo 7F‘]\/[ CYMm = FUNlVl(Z]u),
ar1(Zar1) bop ar(Zar1), - ,aLa(Zara) bop apa(Zara)
Define:
o1 = {tp1/xp]1\4, s tpn /e } UL [Fi /o)
Jll £ o1 U Ui:1[o—1(yi)/y_;i]
Since T015P(mp17 T :xpn)ai = tri:p(tpr, -+, tpn),

o1 is a well-formed substitution

Define:
02 2 {sp1/Tp1, - s Spn/Tpn} U, [Eoi /]

b £ oy UL, o2 (i) /9]
By definition,

/ N o ’ N S
g1 (Ui=1 mbi) =02 (Ui=1 mbi)
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We show that ¢} is a well-formed substitution.
Pick any [ta/xal, [ts/Tb] € 0% 8.t Ta = Ts.
Our goal is to show that t, =3

Cases to consider:
(A) [ta/xa]a [tb/xb} S {Sel/weh ce 7Sem/xem}
(B) [ta/@al, to/2] € UL, [Foi/To]
(©) [ta/al, [tn/z0] € UL, [02 () /5]
(D) [ta/Ta] € {5e1/Te1,++ , Sem/Tem} and [to/zs] € U, [Foi /il
(E) [ta/wa] € {sc1/@er, -+ sem/em} and [ty/m] € ;_, [o2(yi) /4]
(F) [ta/a] € Ui, [fbi/@i] and [to/a0] € UL, o2(v:) /9i]
Case A: [to/%a], [to/Tb] € {Se1/Te1, "+, Sem/Tem }
By assumption,
Ji € {Te1,+ ,Tem} S.b. Ta = €0 =Tp
By the above,
09(xa) = ta = o5(ei) =ty = o5(xp)
Case B: [to /4], [tv/Ts] € Uil[ﬂi/fbi]
Similar argument to Case A
Case C: [ta/wa], [to/2] € UL, l02(y:) /3]
Similar argument to Case A
Case D: [to/xa] € {Se1/Te1,  * , Sem/Tem} and [ty/xp] € Uilil[ﬁi/fbi]
Subcase I: v, = et and e:t € K
Since x4 = Ty,
el = xp
By the above, we apply JoiN-Base and obtain:
DQ F joinSAttr(e:i)
Since D@ F joinSAttr(e:i), we apply EQUI-DIRECT to obtain:
DQFeic K
Since DQ F joinSAttr(e:)
and e(te1, -, €tm) ~K €(Se1, -+ , Stm)
and xp € Ui\;l fbi,
01(xq) = 09(xs) and o5 (zp) = o1 (zs)
Since 01 (za) = o1 (zs) as o1 is well-formed,
09(xa) = ta = o5(zp) =ty

Subcase 1I: xq = e:i and e:i & K
Since x4 = wp,
el = xp
By the above, we apply JoiNn-Base and obtain:
DQ F joinSAttr(e:i)
Since D@ F joinSAttr(e:i), we apply EQUI-DIRECT to obtain:
DQFeic K
This contradicts our assumption that e:i ¢ K
Case E: [to/xa] € {Se1/Te1, * , Sem/Tem} and [ty/xs] € Ufil[@(yi)/yi]
Since xp € Uf\il Yi
and (Uzj\il yi) n ({xel’ s Tem} U Uivzl f"i) =0
and z, € (Uf\;l fbi)
Tq F# Tp
This contradicts our assumption that x, = zp
Case F: [ta/z.] € Y, [ihi /@] and [to/zs] € U™, [o2(9:) /]
Similar argument to Case E

We show that tri:p(tp1,- -, tpn) ~k tra:p(Sp1, -+, Spn)
Define
traps = (TID, p(Tp1,- -+ s Tpn), €(Te1, s Tem), b1(Tp1) 1 -+ 21 b (Ton))

Since o4 is well-formed, we define:
tr2 é Ué(trabs)
and Ji (U?:l ii"bz) = Ué (U?:l :fzn)

and e(te1, ,tem) ~K €(Sety ** ,Sem)
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and tr1 = o1 (traps)
we apply ~k-BASE to obtain:
tri ~ tro

We show that Vi € [1,n], tp; # sp; implies 3¢ s.t. DQ F connected(e:/,p:i) and ¢ ¢ K
Pick any ¢ € [1,n].
Assume of (p:i) # o5(p:i).

By definition of ¢} and o},

Vi€ [1,le]], exi € K implies Ui(e i) = o5(e)
and O’i (LJZ]\;1 fb,) = 0’2 (U _‘b )
and Vj € [1,M], Z € (U~ wbz) implies o (y;) = 05 (y;)

Since o (p:i) # o5 (p:i)
and & C (fe @] Uf;l Ty U Uf\il yi),
at least one of these cases hold:
Case A: 35 € [1,]e]] s.t. exj =piiand e;j € K
Case B: 3j € [1, M] s.t. pii = 3; = FUNJ(Z;) and o} (Z; N Z) # 05(Z; N Te)

Case A: 35 € [1,]e]] s.t. exj =p:i and e:j & K
By assumption 35 € [1,]e|] s.t. e:j = p:,
DQF connected(e:j, p:i)
By assumption,
ej ¢ K

Case B: 3j € [1,M] s.t. p:i = y; = FUNJ(Z;) and 01(Z; N Ze) # 05(Z; N Ze)
By the assumptions,
Ve e [1,e]] s.t. el € Z; and ol (e:l) # o5(e:l)
By the above, 3k € [1,]|Z;]] s.t. exf = Zj:k, thus by JOIN-FUNC-ATTR,
DQ F joinSAttr(e:0)
Since D@ F joinSAttr(e:f), by EQUI-DIRECT,
el e K
Since V£ € [1, |e]] s.t. el € Zj, el € K
and VZ;:k s.t. Zj & Te, Zj:k € U?zl T,
oi(5) = ob(2)
By the above,
o1(y;) = 02(y;)
Since p:i = y;,
this contradicts the assumption that o (p:i) # o5(p:3)

Inductive Case: tri:p(tp1, - ,tpn) = (rID, p(tp1, - stpn), tra1:q(tqr, -+ s tqar), bi(fpn) 2 - 1 bn(fon))

By assumptions,
(i1) 3r € DQ s.t.
r= rID p(xplv'“ 7mPN) B q(qua"' 7qu1)7
bl(fb1)7 te 7b"(fb’ﬂ)7
Fi:y1 :=FuN1(21), -, Fim : Ym := FUNM(Z}),
ar1(Zar1) bop ar(ZarLr), - ,are(Zare) bop are(Tare)

€ DQ

Define:
o1 2 {tq1/mq1, - s tan /xanr } U [Eoi /@il
oy = o UL, [o1(y:) /9]
Since o1 (r) = tr1,
o is a well-formed substitution
Pick any trqyz:q(leL t 7511]\4) s.t. th,qu(tql, t 7th) ~K tTQ»Q:q(Sqla t 7’5111”)'
By the induction hypothesis,
Ve € [1, M], tqi # Sqi implies 3¢ € [1, |e]] s.t. DQF connected(e:, p:i) and £ ¢ K

Define:
02 £ {sq1/q1, -, Sqm [Tqrr } U, [toi /i)
oy 2o UU", [o2(yi)/vi]

By definition,

/ n - o n —
g1 (Ui:l xbi) =02 (Ui:l "Ebi)
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We show that o} is a well-formed substitution.
Pick any [ta/zal, [ts/Tb] € 04 8.t Ta = Tsp.
Our goal is to show that t, = ¢

Cases to consider:
(A) [ta/mal, [to/20] € {891 /g1, -, Sqrr/Tqrr}
(B) [ta/wal, [to/x0] € U, [ti /Zoi]
(C) [ta/zal, [to/2] € U~ [o2(vi) /5]
(D) Fi € [1, M] s.t. [ta/ma] = [Sqi/q:t] and 35 € [1,n], Ik € [1, |bj]] s.t. [ts/xs] = [02(bj:k)/bj:k]
(E) Ji € [1, M] s.t. [ta/Ta] = [Sqi/xqs] and TJ € [1,m] s.b. [to/zs] = [02(y;)/y;]
(F) 37 € [1,n], 3k € [1, |b;]] s-t. [te/xs] = [o2(bj:k)/bs:k] and Fj € [1,m] s.t. [to/zs] = [02(y;)/y;]

Case A: [tu/wal, [to/z] € {s1/Tat, - s Sant [Tant}
By assumption,
di € [1,lq]] s.b. [ta/@al = [$qi/Tas]
Since o = 24; and o = zp and [to/zs] € {Sq1/Tq1, " , Sqp/Tqrr }y
[to/xb] = [54i/Tqi]
Therefore tq = sqi = ts
Case B: [ta/za), [to/z3] € U], [toi /Z0i]
Similar argument to Case A
Case C: [ta/za), [tv/20] € U, [02(yi) /9]
Similar argument to Case A
Case D: 3i € [1, M] s.t. [ta/xa] = [sqi/q:?] and Tj € [1,n], Ik € [1, |b;]] s.t. [to/xs] = [o2(b;:k)/b;:k]
Assume for contradiction that ¢, # t.
Since o} is well-formed,
01(g:i) = tgi = 01(bs:k)
By definition of o},
05(q:1) = 8qi = ta
oy(bjk) =ty
Since o} (U?:1 fbi) =05 (U:L:1 fln')7
tgi # Sqi
By the induction hypothesis,
3 e [1,|e]] s.t. DQ+ connected(e:l, g:i) and q:i ¢ K
Since q:i = x4 = xp, = b;:k, by JOIN-BASE,
DQ F+ joinSAttr(g:1)
Given DQF connected(e:l, ¢:i) and D@ F joinSAttr(q:i), by EQUI-REACHABLE,
ele K
This contradicts the earlier statement that ¢:i ¢ K
Case E: i € [1, M] s.t. [ta/Ta] = [sqi/T¢:] and Tj € [1,m] s.t. [ts/zs] = [02(y;)/y;]
By assumption, y; &€ xq1 :: - - - it Tqm, thus
To = Tgi F Yj = T
Therefore x, # z contradicting our earlier assumption
Case F: 3j € [1,n], 3k € [1,]b;]] s.t. [ts/zs] = [02(b;:k)/bj:k] and Tj € [1,m] s.t. [to/zs] = [02(y;)/y;]
By assumption, y; € xq1 1 -+ - it Tqmr, thus
Ta = Tqi 7 Yj = Tb
Therefore x, # xp contradicting our earlier assumption

Since o4 is well-formed, we define:

try & oy ((rID, p(xp1,- -+, TpN ), trg,2:q(Tqr, - -+ s Tgnr ), b1(Tonr) 2 -+ 22 bu(Fon)))
Given that of (U7, i) = b (Ul i
and trq,1:q(tq1, -+ tqm) ~K tre1:q(sq1, - 5 Sqnr) . .
and tr; = Ui(<T[D7p(fp)7 tr%l:q(xQL T 7qu)7 bl(l_’:bl) e bn(fbn») = <TID7p(tP)a trq,Q:Q(tQh t 7tq1\/[)7 b1 (tbl) el

we apply ~g-BASE to obtain:
trl:p(tph T 7tPN) ~ trQ:p(Spl, Tty SPN)

Pick any ¢ € [1, N].
Assume t; # s;.
Goal:
3 e [1,|e]] s.t.
D@+ connected(e:{, p:i,)
and £ ¢ K
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By definition of ¢} and o},
o1 (pi) # o5(p:i)

By definition of ¢4, one of the following hold
(A) 3¢ € [1, |e]] s.t. DQF connected(e:l, p:i,) and £ ¢ K
otherwise if £ € K, then o} (e:f) = o1 (p:i) = t; = s; = o5(p:i)oy(e:l)
(B): 3j € [1,m] s.t. pri =y; = FUNJ(Z;) and 01 (Z; N Ze) # 05(Z; N &e)

Case A 3l € [1,]e|] s.t. DQF connected(e:l, p:i,) and £ ¢ K
The goal already holds

Case B: 3j € [1,m] s.t. p:i =y; = FUNJ(Z}) and Z; NZe # 0 and 01(Z; N Zq) # 05(Z; N Zq)
By assumptions,
€ [1,]q|] st. ¢:€ € Z; N &y and o' (q:) # o5(g:k)
By the induction hypothesis,
3k € [1, |e]] s.t.
DQF connected(e:k, g:{) and e:k ¢ K
Since ¢:¢ € Zj, by JoIN-FUNC-ATTR we have:
D@ | joinSAttr(g:0)
By DQF connected(e:k, ¢:¢) and DQ I joinSAttr(g:¢) and EQUI-REACHABLE,
eke K
This contradicts the the induction hypothesis that e:k ¢ K
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D. OPERATIONAL SEMANTICS OF SEMI-NAIVE EVALUATION

The operational semantics of the semi-naive evaluation of DELP programs adopts a distributed execution model. Each node
runs a designated program, and maintains a database of proofs of derived tuples in its local state. Nodes can communicate
with each other by sending tuples over the network. The evaluation of the DELP programs follows the PSN algorithm [10],
and maintains the database incrementally.

At a high-level, each node computes its local fixed-point by firing the rules on newly derived tuples. The fixed-point
computation can also be triggered when a node receives tuples from the network. When a tuple is derived, it is sent to the
node specified by its location specifier. Instead of blindly computing the fixed-point, we make sure that only rules whose body
tuples are updated are fired.

D.1 Hash functions

During our online compression execution, we hash the values of certain provenance elements in order to save on storage space
or to generate unique identifiers. In order to show that semi-naie evaluation is bisimular to online compression execution, we
need to use some of the hash functions for online compression in semi-naive evaluation as well. We present the algorithms
used to compute these hash values in Figure [D-1}

Given a declaration for the program D@ and an instance of its event relation e(Qc., ¢ ), Algorithm EQUIHASH finds the
equivalence keys K for e, returns equivalence hash value of e(Qc., c).

Given a declaration for the program D@ and an instance of one of its relations p(Qtp, &), Algorithm TUuPLEHASH finds the
primary keys pkeys for p, and returns the hash of p(Qu,, ¢p) on its primary keys.

function EQuIHASH(e(Qy,, t.), T)
K + T'(e)]equi__attr]
G150 i — K
return hash(fc:iy, - - -, loiin)
end function

function TuPLEHASH(p(Quyp, tp), T)
pkeys < T'(e)[primary__keys]
i1 i - iy <— pkeys
return hash(t,:i1,--- ,tpiin)
end function

Figure 21: Hash functions used in program execution

D.2 Definitions of network states

In Figure [D-2] we present the constructs needed for defining the operational semantics for Semi-naive evaluation.

The network configuration Csn for the entire system that runs the evaluation is represented as Qsn>Ssn1 - - - Ssnny. Ssni -+ - Ssnn
are the local network states for each node in the distributed system, while Qsn is a queue of updates consisting of fast-changing
tuples which will eventually be sent to the nodes specified by the location specifier.

Each node ¢ in the distributed system has local state Ssn, where Ssn = (Qu, DQ, T, DB, £, Usn, equiSet, M, Mprov) consists
of attributes needed to execute D@ locally.

The first four attributes of Ssn have been described in Appendixes [B] and [C] We summarize them for completeness. We
have (1) ¢, the identifier of the local state, (2) D@, the DELP program that is to be executed, (3) I, the mapping of every
relation in D@ to a type, and (4) DB, a local database of materialized tuples used to execute rules.

The new constructs in Ssn introduced are (5) £, a set of instances of events in which e each element in £ is an instance of
the event relation triggering execution of DQ. Of particular importance is (6) Usn, a set of updates consisting of instance of
fast-changing relations that trigger execution of rules in D@Q. They differ from Qsn as all updates in Usn represent tuples which
are locally stored, in contrast to Qsn whose tuples can be stored anywhere in the network. Finally, we have (7) equiSet, a set
of of hashes of all the equivalence keys that have been seen so far on node ¢, (8) M, a set of derivation trees of fast-changing
tuples representing the provenance of rules fired during execution and finally (9) Mprov, a set derivation trees of tuples that
are instances of relations of interest.
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Global network configuration Csn = QOsnD>Ssn1---Ssan

Network queue Qsn n= Usn

Update Usn n= ev|tr:P

Local state Sem u= {(Qu, DQ,T, DB, E,Usn, equiSet, M, Mprov)
Event queue & u= nillev:: €

Local updates Usn = [usni, -, Usng)

FEquivalence hash table equiSet = -|equiSet, heq

Rule provenance table M n= Mt P

Tuple provenance table Mprov = - | Mprov, prov

Tuple provenance prov = interest(¢r)

Figure 22: Definitions of network state for Semi-naive evaluation

D.3 Evaluation rules
We introduce the transition rules and explain how configurations are updated based on the updates in the network queue.

Global state transition (Csn — Csn').

The small-step operational semantics of the entire distributed system is denoted Csn —" Csn’, where n is the number
of steps taken to transition from the initial state Csning to Csn’. A trace T is a sequence of transitions Csnini; —° Csni —1
cee T Csnn+1.

Rule SN-NoDESTEP states that the system takes a step when one node takes a step. As a result, the updates generated
by node ¢ are appended to the end of the network queue. We use o to denote the list append operation. Rule SN-DEQUEUE
applies when a node receives updates from the network. We write & @ & to denote a merge of two lists. Any node
can dequeue updates sent to it and append those updates to the update list in its local state. Here, we overload the o
operator, and write Qsn 0o £ to denote a new state, which is the same as Qsn, except that the update list is the result of
appending £ to the update list in Qsn.

Local state transition (Ssn < Sen’,Usn).

From state Ssn, a node takes a step to a new state Ss»’ and generates a set of updates Usn for other nodes in the
network. This is denote by Ssn < Ssn’, Usn.

Each program DQ is triggered by instance of the event relation e. Each node t. contains a queue £ of instances of e.
Rule SN-EVENT states that an execution of D@ is triggered by dequeuing an element e(Qi., G ) in € and placing it into
the set of local updates Usn.

Each usn in the set of local updates Usn on node ¢4 denotes a derivation tree of a fast-changing tuple ¢(@Quq, Cq).
q(Quq, ) can be used to trigger more rules in DQ. fireRulesSN takes in arguments tq, ADQ, usn, DB, and M, and fires
all rules in D@ that are triggered when given usn and DB. It then returns a set of local updates Usnip, a set of external
updates Usnez consisting of tuples that are to be sent to other nodes in the distributed system, and the set of updated
derivation trees of tuples M’ that represent the provenance of the rules that have been fired locally.

Fire Rules (fireRulesSN(Q., ADQ, usn, DB, M) = (Usnin,Usn ez, M')).

Given one update, we fire rules in program D@ that are affected by this update.

Rule SN-EmPTY is the base case where all rules have been fired, so we directly return empty update sets and the same
set of derivation trees of tuples generated.

Given a program [Ar, ADQ'] (where D@ can be the empty list) with at least one rule, rule SN-SEq first fires the rule
Ar, then recursively calls itself to process the rest of the rules in AD@'. The resulting updates and derivation trees
generated are the union of the updates and derivation trees generated by firing Ar and ADQ'.

Fire a single rule (fireSingleRuleSN (Qu, Ar, usn, DB, M) = Usnjy,, Usniy, M')).

Given one update, one rule, and a database of materialized slow-changing tuples, we find all possible substitutions >
that satisfy the rule body. We may choose to only fire rules using a subset of all possible substitutions For each possible
substitution we want to use, we find the sets of updates and derivation trees generated by firing the rule.

Fire a single rule given substitutions (derivationSN(Qu, 3, Ar, usn, M) = (Usnjy, Usnlys, M')).

Given one update, one rule, and a list of substitutions for relations in body of the rule, we derive the head of the rule.

Rule SN-SuBsT-EMPTY is the base case when there are no more substitutions, so we directly return empty update sets
and the same set of and derivation trees of tuples generated.

Given that there is at least one substitution o :: 3, rule SN-SuBsT first derives the update triggered by o, then recursively
calls itself to process the rest of the substitutions in AY.. The resulting updates and derivation trees generated are the
union of the updates and derivation trees generated by Ar and AX.

Fire a single rule given one substitution (singleDerivSN(Qu, o, Ar, usn, M) = (Usnjy, Usnlyy, M')).

Given a substitution o for the rule body of rule Ar, rule SN-SiNnGLESUBST derives the head tuple of Ar. If the head is
also located at node ¢, the head tuple is an internal update. Otherwise, the head tuple is an external update. We update
the set of and derivation trees of tuples derived locally to include the and derivation tree for the head tuple.
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Ssni — Ssn;,Z/[sn Vj € [1,N] ANJ 7é ’L‘,Ssn} = Ssnj

SN-NODESTEP
an > Ssnl e Ssn]\] — an [e] Z/lsn > Ssn1 e San

Qsn = an/ P Qsn1 B -+ P Qsny
Qsn>Ssny -+ Ssny — an/ > (Ssnl o anl) .. (San o anN)

SN-DEQUEUE

Ssn — Ssn/7 Usn

usn = e(Que, t;)
I'(e)[tuple] = event K =T(e)[equi__attr] heq = EQuIHASH(e(Qte, T, ), K) equiSet’ = equiSet U heq
te

SN-EVENT
(@, DQ,T, DB, e(Que, te) :: £ Usn, equiSet, M, Mprov) < (Qu, DQ,T', DB, E,Usn o [usn], equiSet’, M, Mprov)

T'(q)[tuple] = fast usn = trq:q(Quy, ty) fireRulesSN (Quy, ADQ, usn, DB, M) = (Usnly,, Usnlpyy, M")
<@L, DQ, F, DB, 5, Usn 2 u.s'n, M, Mprov>
— <@L, DQ,T',DB,E,Usn o Z/{sn;n, equiSet, M/, Mpm'u> s u(s-n/ezt

SN-RULEFIRE-FAST

I'(g)[tuple] = interest usn = trq:q(Qug, Ty)
<@L7 DQ7 F, DB, 57 Usn 2 US'n,, equiSet, M, Mpro'u>
s (@1, DQ,T, DB U q(Quq,Ty), E,Usn 0 Usnly, equiSet, M, Mprov U interest(tr,:q(Qug, 14))), Usnhyy

SN-RULEFIRE-INTEREST

| ﬁreRulesSN(@L, ADQ7 Usn, DB, M) = (Usnm,u‘snezt, M/) |

SN-EmMPTY

fireRulesSN (Qu, [], usn, DB, M) = ([], ], M)

fireSingleRuleSN (Qu, Ar, usn, DB, M) = Usn'y, Usnlpzs, M)
fireRulesSN (@, ADQ, usn, DB, M) = (Usn'p, Usn'ty, M")

ﬁreRulesSN(@L, (AT, A[)Q)7 Usn, DB7 ./\/l) = (u.sn;n o Z/{sn:;,n,u.snlmt o Z/{snl,:zt, M”)

SN-SEQ

| fireSingleRuleSN (Qu, Ar, usn, DB, M) = (Usnjy, Usn’zy, M) |

Ar = rID Ap(Qly,, &p) - Aq(Qly, Tq),b1(Qly, Tp1), -+, bn(Qly, Tbn), - - - usn = trq:q(Quq, ty)
¥ = p(Ar, q(Quq, 1), DB) Y = sel(T, Ar) derivationSN(Quq, X', Ar, DB, M) = Usnly, Usn'hg, M)

SN-FIRESINGLE
fireSingleRuleSN (Quq, Ar, usn, DB, M) = (Usniy, Usnogs, M)

| derivationSN (Qu, 3, Ar, usn, M = Usnly, Usnigy, M) |

SN-SuBST-EMPTY

derivationSN (Qu, [], Ar, usn, M) = ([], [J, M)

singleDerivSN (Qu, o, Ar, usn, M) = (Usniy, Usnipgy, M) derivationSN (Qu, ¥, Ar, usn, M) = Usnip, Usniig, M)
derivationSN(@L, g 27 A’I“, Usn, M”) = (Z/[sn;n o u.sn;{n, Z/[snlezt o u,sngzh ./\/l//)

SN-SUBST

singleDerivSN (Qu, o, Ar, usn, M) = Usniy, Usnigy, M) |
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Ar = rID Ap(Qly,, Zp) - Ae(Qle, Ze),b1(Qle, Zp1), -+, bn(Qle, Ton), - - usn = e(Qu, )

N
e(Ql,, Z.)o = e(Qe, T,) I'(e)[type] = event dom(c) = £, UZp Ul UZe U U Zi
=1
trp = (rID, p(Qf,, Zp) o, e(Que, te), b1 (@, Ty )o =2 - - - 12 by (e, Tpp o) usn’ = trp:p(Qly, Tp)o

if o(@fp) = @Le then Z/lsnlm = [USnl],Z/[sn,eu = H else Z/[sn;'n = [],Z/lsn;zt = [USn/]
M = MU trp:p(Qf,, 3p)o

- - 7 7 SN-SINGLESUBST-EVENT
singleDerivSN (Quiq, o, Ar, usn, M) = Usngy, Usnggr, M)

Ar =rID Ap(@‘elh fp) = AQ(@&N f(1)7 bl(@gqvfl)l)v T 7bn(@£qvfbn)7 to
usn = trq:q(Quq, Ty) either I'(q)[type] = fast or I'(q)[type] = interest
N

(@, 7)o = q(Quq,t;)  dom(o) = £, UT, Ul UT, U | 7w
i=1
trp = (11D, p(@L,, Bp)0, trq:q(Quy, ty), b1 (Qly, Tp1))o i -+ - 22 by (Qly, Tpn)o) usn’ = trp:p(Ql,, Tp)o
if O'(@Ep) = @Lq then Z/{sn;n = [u(m/},usn;zt = [] else Z/{sn,;n = [],Z/{snlemt = [US'n,I]

M = MU trpp(Ql,, %,)o
pp( P p) SN-SINGLESUBST-FAST

singleDerivSN (Qiq, o, Ar, wsn, M) = Usnipn, Usnings, M)
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E. OPERATIONAL SEMANTICS OF ONLINE COMPRESSION EXECUTION

Our online compression scheme compresses equivalent distributed provenance trees based on equivalence keys identified.
We store one representative provenance tree for all provenances in the same equivalence class.

The operational semantics of the online compression evaluation for DELP programs are similar to the operation semantics
for semi-naive evaluation introduced in Appendix However, some of the constructs used to define the set of updates and
proofs generated are different. Appendix [D] motivates and describes these differences.

Next, we present an evaluation strategy that shares the storage of provenances within the same equivalence class in Ap-
pendix [E-I] Building on this, we next present an evaluation strategy that allows for bigger gains in storage space saved by
sharing the storage of provenances across equivalence classes in Appendix [E.2]

E.1 Sharing storage within equivalence classes

In this section, we describe an evaluation strategy to shares the storage of provenances within the same equivalence class.
We store the provenance of each rule fired in the form of a provenance node with a reference to the provenance of the previous
rule fired in order to recover the complete provenance of a tuple during provenance querying.

E.1.1 Definitions of network states

All the constructs used to represent the online compression evaluation have analogous functions to their respective counter-
parts in semi-naive evaluation. Many of the constructs are identical to those of semi-naive evaluation. However, the constructs
that deal with provenance storage are different, as online compression saves storage space by only storing the provenance of
the rule that derived tuple P instead of storing the entire derivation tree of a tuple derived locally in semi-naive evaluation.

The network configuration Cem for online compression execution is represented as Qcm > Semi -+ - Sempy. Similar to the
network configuration Csn (where Csn = Qsn > Ssn1 - - - Ssnv)for semi-naive evaluation, Semi - - Semn are the local network
states for each node in the distributed system, while Qcm is a queue of updates consisting of fast-changing tuples which will
eventually be sent to the nodes specified by the location specifier.

Each node ¢ in the network has local state Sem, where Sem = (1, DQ, T, DB, £, Ucm, equiSet, T, Tprov). Most of the attributes
in Sem are identical to their counterparts in Ssn. We summarize the differing constructs of each local state in Figure[E.1.1] In
particular, the set of local updates Ucm, the set of local provenances Y, and the set of tuple provenances representing relations
of interest Yprov differ from those of semi-naive evaluation.

Global N@ton‘k Conﬁgumtion Cr:m = Qum, > Scml e S(',mN

Network Queue Oem 1= Uem

Local State Sem  u= (4, DQ,T, DB, E,Uem, equiSet, T, Tprov)
Updates Uem L= {UCm1, te ,UCmn}

Collection of rule provenances T w= | Y, ruleEzec

Collection of tuple provenances Tprov = | Yprov, prov

Figure 23: Definitions of network state for online compression evaluation

Rule provenances are stored differently because online compression saves storage by recording provenance information more
concisely than semi-naive evaluation does. Figure summarizes the constructs use by online compression to record rule
provenances.

Instead of recording the entire tuple, online compression records only the hash of the primary keys of a tuple. We write
eID, vID, and tID to refer to the hash of the primary keys of an event tuple, slow-changing tuple, and tuple of a relation of
interest respectively. Instead of recording the entire provenance tree for each new fast-changing tuple derived during program
execution, online compression records only the provenance of the new rule fired as ruleargs on the node at which the rule was
fired. Thus, the provenance elements representing the derivation of a single tuple may be stored on several different nodes in
the network. Because different executions may use the same arguments to fire a particular rule, each rule provenance element
ruleEzec records a lookup key A unique to it. It also records the lookup key of the previous tuple that trigger the rule. We
denote an ordered list of rule provenance elements representing the provenance of a tuple as yl.
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Unique ID for an event tuple eID == EqQuiHaAsH(ev,T")

Unique ID for a slow-changing tuple vID x= TupPLEHASH(P,T)

Unique ID for a tuple of a relation of interest tID == TupLEHASH(res, I')
Provenance for a single rule execution ruleargs = rID::¢::vIDy .- i vID,
Hash of ruleargs HrID == hash(ruleargs)

Unique identifier for a rule provenance element b == hash())

Lookup Keys A = id(0,0, heq) |id(Qc, HrID, b)
Rule provenance element ruleEzec = (\p, ruleargs, \q)
Provenance for a DELP program execution yl x= nil|yl :: ruleEzec

Figure 24: Constructs used to record rule provenances during online compression execution

An update ucm in online compression evaluation differs from is counterpart usn in semi-naive evaluation. wusn is the entire
provenance tree of a tuple P. In contrast, the corresponding update uem for tuple P does not store the complete provenance
tree for P to save bandwidth. Instead, uem has form (P, createFlag, eID, A), in which createFlag is a flag that identifies whether
provenances should be created and maintained during program execution, eID is the hash of the event tuple that triggered
program execution, and A represents the lookup key that enables us the retrieve the rule provenance that derived tuple P.

Create Flag createFlag ::= Create | NCreate
Update Uem u= (P, createFlag, eID, \)

Figure 25: Definition of updates for online compression with sharing within equivalence class

E.1.2  Evaluation rules

Most of the transition rules are similar to those in appendix The transition rules that maintain provenance (singleDerivSN (Qu,
o, Ar, usn, M) = (Usnly,, Usnlye, M) for semi-naive evaluation and single CompressionCM (Qv, o, Ar, uem, ¥) = (Uemly,, Uemlyyy, T')
for online compression evaluation) are different. We explain the rules that differ below.

Fire single rule given one substitution (singleCompressionCM (Qu, o, Ar, uem, T) = Uemiy, Uem'pyy, T'))

If the update consists of a tuple and a flag instructing us to maintain provenance, we execute Rule CM-CREATE and
generate a new update consisting of the head of rule r, and adds the rule provenance for this execution of r to the set of
local rule provenances.

Otherwise, if the update consists of a tuple and a flag instructing us not to maintain provenance, we execute rule
CM-NCREATE to generate a new update consisting of the head of rule r.

Semi — Scm;,z/{cm Vj e [1,1’1,] AJ 7& ’L',Scmz- = Scmj

CM-NODESTEP
Qcm > Semi -+ Semp, — Qcm oUem > S(:mll e Scm,ln

Qem = Qcm/ D Qem1 D -+ P Qemn
Qem > Semq -+ - Semp, — Qcm, > (Scml o Qcml) s (Scmn o Qcmn)

CM-DEQUEUE

Sem — Scml7 Uem
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['(e)[tuple] = event  eID = TUPLEHASH(e(Qu,t.),T)
heq = EQUIHASH(e(Qte, T,),T) If heq € equiSet then createFlag = NCreate else createFlag = Create
uem = (e(QL,, T.), createFlag, eID, id((, 0, heq)) equiSet’ = equiSet U heq

CM-INIT-EVENT
<@Le, DQ, F, DB, €ev i 5, Z/{cm, equiSet, T, Tprov> — <@Le, DQ, F, DB, 5, Uem o [’I,Lcm], equiSet/, T, Tprov), []

uem = {q(Quq, T,), createFlag, eID, \,) either T'(q)[tuple] = fast or I'(q)[tuple] = interest
ﬁreRulesCM(@Lq, ADQ, Ucem, DB, T) = (Z/lcm;,“ Z/lc7nl62t, Tl)

CM-RULEFIRE-INTM
<@Lq, DC)7 F7 DB7 g, Uem i Z/{cm7 equiSeL T7 Tprov> — <@Lq, DQ, F, DB, 571/{(?771 o Z/Icm;n, equiSet, TI, Tprov>,“cmewt

uem = (p(Qup, t,), createFlag, eID, \p) I'(p)[tuple] = interest
tID = TUPLEHASH(p(Qtp, ), T) prov = (Qu,, tID, eID, Ap) Yprov' = Yprov U prov
<@Lp, DQ7 F, DB, 5, Uem o2 Z/[cm7 €q’LLZ';S€t7 T, Tpr(m>
s (Qup, DQ, T, DB U {p(QLp, 1)}, &, Uem, equiSet, T, Tprov'), []

CM-RULEFIRE-INTEREST

fireRulesCM (Qu, ADQ, uem, DB, T) = (U, Usey, T') |

CM-EMPTY

fireRulesCM (Qv, [|, uem, DB, T) = ([],[], T)

1 "

fireSingleRuleCM (@u, Ar, uem, DB, ) = (U, Uby, T fireRulesCM (Qu, ADQ, uem, DB, X') = (Uj,,,Urny, T')

CM-SE
fireRulesCM (Qu, At :: ADQ, uem, DB, ) = (Us, o Uz, Usgy o Uy, T @

| fireSingle Rule CM (@1, Ar, uom, DB, ) = Uy, Uluy, 1) |

Ar = rID Ap(Ql,, Zp) - Aq(Qly, Zq), -+ uem = (g(Qugq, T,), createFlag, eID, \y)
¥ = p(Ar, q(Quq, t,), DB) ¥ = sel(Z, Ar) compressionCM (Qug, X' Ar, T) = (Uemiy, Uemings, T')

CM-FIRESING
fireSingleRule CM(Qu, Ar, wem, DB, Y) = (U, Ul T) [HESINGLE

| COmpTESSZ'OTLCM(@L, Z, AT’, Ucm, T) = (Z/[(:m;n, Z/[(:mlezt, T/) |

CM-COMPRESS-EMPTY

compressionCM (Qu, [], Ar, uem, T) = ([],[], T)

singleCompressionCM (Qu, ), Ar, uem, T) = Uemly, Uem'y, T
compressionCM (Qu, 3, Ar, wem, T') = Uemiy, Uem'og, L")

1 ’ 7 7 7 7~ CM-COMPRESS
compressionCM (Qu, o :: X, Ar, uem, T) = (Uemiy, 0 Uem'zp, Uemizy, 0 Uempgy, T)

| singleCompressionCM (Qu, o, Ar, uem, T) = (Uem'y, Uemlpy, T') |

Ar = rID Ap(@éprfp) - Aq(@éwi“l»r by (@Eqvfbl)a o 7bn(@fq, fbn), T

wem = (q(Quq, ), Create, eID, Ay) q(Q,, Z))o = q(Quq, Ty) dom(c) = £, UZp Uly UZqU U Tbi
=1
Vi € [1,n],vID; = TUuPLEHASH(b;(@ly, Zp;)o, T) ruleargs, = rID :: 1g :: vIDy i - - - 1 VID,
HrID, = hash(ruleargs,) if (I'(q)[type] = event) then b, = hash()\4:3) else b, = hash()\,)
Ap = id(Qiq, HrIDy, bp) uem' = (p(Q4y, Tp)o, Create, eID, \y) ruleEzec, = (Ap, ruleargs, Aq)
Y’ =Y U ruleEzec, if 0(@Qf,) = Qugy then Uemy, = [uem'],Ucmug = [| else Uemiy, = [|, Uemlpgy = [tiem’]

- - 7 7 7 CM-CREATE
singleCompressionCM (Qiq, o, Ar, uem, L) = (Uemiy, Uemeg, L)

Ar = rID Ap(Ql,, Zp) = Aq(@ly, %), b1 (Qly, Tp1), -+ ,bn(@ly, Tpn), -

uem = (q(Quq, t,), NCreate, eID, A,) q(Ql,, Z)o = q(Quq, ty) dom(c) = £, UZp ULy UZ, U U T
i=1
Vi € [1,n], vID; = TUPLEHASH(b;(Q{y, Zy;)o, ') ruleargs, = rID :: 1 :: vIDy i -+ 11 vID,
HrID, = hash(ruleargs,) if (I'(q)[type] = event) then b, = hash()\4:3) else b, = hash()\q)
Ap = id(Qeq, HrIDy, bp) uem' = (p(Q4y,, Tp)o, NCreate, eID, \,)
if O'(@Ep) = @Lq then Z/{(Jm;n = [UCm/],U(zm;zt = [] else I/{cm;n = HJ/{CWIezt = [Umn/]

singleCompressionCM (Quy, 0, Ar, uem, ¥) = Uemly, Uem'ly, T)

CM-NCREATE
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E.2 Sharing storage across equivalence classes

In this section, we describe an evaluation strategy to shares the storage of provenances across equivalence classes. Instead
of storing the provenance of each rule fired together with the reference to the provenance of the previous rule fired, we store
these two pieces of information separately. While each provenance node recording the parent-child relationship between rules
fired is unique to a particular equivalence class, the provenance element recording the provenance of each rule fired can be
shared between different equivalence classes.

E.2.1 Definitions of network states

The operational semantics of the online compression evaluation with sharing across equivalence class are similar to the oper-
ational semantics of the online compression evaluation without sharing across equivalence class, as described in appendix

However, the constructs used to store the provenances generated are necessarily different. We summarize the differing
constructs in Figure When sharing provenance within equivalence classes, we store both the arguments used to fire a
DELP rule and parent-child relationship between the rule provenance representing the previous rule fired together as rule Exec.
Each ruleEzec has form (A, ruleargs,,, Aq), in which A, is the lookup key is for the current rule provenance, ruleargs,, and Aq
is the lookup key for the previous rule provenance. In contrast, when sharing provenance across equivalence classes, we store
the parent-child relationship between rule provenances separately. We store the arguments used for a single rule execution
as a node nem (where nem = ({(@Q¢, HrID), ruleargs)), and the parent-child relationship between nem and the previous rule
execution as lem = ((@u,HrID,b), \y), where (@, HrID,b) is an extension of the lookup id for nem and g is an extension of
the lookup id for the provenance of the previous rule fired.

Global Network Configuration Ctem 1= QemD>Temyi-+Temn

Local State Tem = <@L, DQ, F, DB, g, Z/{cm, equiSet, N, [,, Tprov)
Parent-child relationship between rule provenances lem = (Ap,Aq)

Collection of parent-child relationships L = L, lem

Ordered list of rule provenances ch = nil| ch~ (lem :: nem)

Rule provenance nem = ((Qu,HrID), ruleargs)

Collection of rule provenances N w= - |N,nem

Figure 26: Definition of network states for online compression with sharing across equivalence class

E.2.2 Evaluation rules

Most of the transition rules are similar to those in appendix[E.1.2] The transition rules that handle provenance maintenance
for online compression evaluation that shares storage within an equivalence class and online compression evaluation that shares
storage across equivalence classes are necessarily different. We explain the rules that differ below.

Fire a single rule given one substitution (singleCompressionAcrossCM(Qu, o, Ar, uem, N, L) = Uem’y, Uempyy, N7, L))
If the update consists of a tuple and a flag instructing us to maintain provenance, Rule CM-ACrROss-CREATE generates
a new update consisting of the head of rule r, and adds the node for the rule provenance for this execution of r and
the relationship between this rule provenance node for the new update and the rule provenance node for the tuple that
triggered the update.
Otherwise, if the update consists of a tuple and a flag instructing us not to maintain provenance, Rule CM-ACROSS-
NCREATE generates a new update consisting of the head of rule 7.

Tem; — TCWI.IL'7Z/{Cm VJ S [1777,} ANJ # Z.7Tcm;- = Tcmj

7 — CM-ACROSS-NODESTEP
Qcm > Tcml cee Tcmn — Q(tm olem > Tr:ml ce T(:mn

Qcm = Qcml D Qcml D---D Qcmn
Qcm > Tcml s Tcmn — Qcm/ > (Tcml o Qcml) s (Tcmn o Qcmn)

CM-ACROSS-DEQUEUE

Tem — Tcml, Uem
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I'(e)[tuple] = event  eID = TuPLEHASH(e(Qte,1.),I")  heq = EQuiHASH(e(Qu,,t.),T)
If heq € equiSet then createFlag = NC'reate else createFlag = Create
uem = (e(Que, I, ), createFlag, eID, id (0, 0, hegq)) equiSet’ = equiSet U heq
<<@Le7 DQ, F, DB, ev g, Z/[cm, equz’Set,N, L, Tprov)
— <@Le, DQ, F, DB, 5, Uem o [U,cm]7 equiSet',N, ﬁ, Tprov), []

CM-ACROSS-INIT-EVENT

uem = (g(Quq, T,), createFlag, eID, \g) either I'(g)[tuple] = fast or I'(q)[tuple] = interest
fireRulesCM (Quy, ADQ, ucm, DB, N, L) = Ucmiy, Uemigs, N, L)
<@Lq, DQ, F, DB, g, Ucem I/{cm7 equiSet,N, £, Tprov)
— <(®Lq7 DQ, T, DB, 57 Uem o Z/{Cm;n, equiSet,N', [,/, Tprov>,l/{cmezt

CM-ACROSS-RULEFIRE-INTM

wem = (p(Qup, t,), createFlag, eID, A,) I'(p)[tuple] = interest
tID = T‘UPLEI‘IASH(})(@LP7 {;;), F) prov = <@Lp, tID, eID, )\p> Tprm)l = Yprov U prov
(Qup, DQ, T, DB, E, ucm :: Uem, equiSet, N', L, Tprov)
< (Qup, DQ, T, DB U p(Quyp, tp,), E,Uem, equiSet, N, L, Tprov'), []

CM-ACROSS-RULEFIRE-INTEREST

fireRulesAcrossCM (Qu, ADQ, uem, DB,N, L) = (U, Ubos, N, L) |

CM-ACROSS-EMPTY

fireRulesAcrossCM (Qu, [], uem, DB, N, L) = ([, [, N, £)

fireSingleRule AcrossCM(Qu, Ar, uem, DB, N, L) = Uy, Uby, N', L)
fireRulesAcrossCM (@i, ADQ, uem, DB,N", L) = (U, Urny, N/, L)

fireRulesAcrossCM (Qu, Ar :: ADQ, uem, DB,N, L) = (Usn, 0 Usp, Urzy o Upy, N', L)

CM-ACROSS-SEQ

fireSingleRuleAcrossCM (Qu, Ar, uem, DB, N, L) = (U, Ubpy, N', L") |

Ar = rID Ap(Ql,, Zp) - Aq(@QLy, Zy), - -
uem = (g(Quq, T,), createFlag, eID, \,) ¥ = p(Ar, q(Quq, ty), DB)
¥ = sel(Z, Ar) compressionAcrossCM (Quy, X', Ar, N, L) = Uemiy, Uemings, N, L)
fireSingleRule AcrossCM(Qu, Ar, uem, DB, N, L) = Uy, Uby, N', L)

CM-ACROSS-FIRESINGLE

compressionAcrossCM (Qu, 3, Ar, uem, Ny L) = (Uemy, Uemlpyy, N7, L) |

CM-ACROSS-COMPRESS-EMPTY

compressionAcrossCM (Qu, [|, Ar,uem, N', L) = ([], [J, N, £)

singleCompressionAcrossCM (Qu, o, Ar, uem, N, L) = Uemly,, Uem'yy, N', L)
compressionAcrossCM (Qu, 3, Ar, uem, N', L") = Uemlp,, Uemtpy, N, L")

. ! " I 1" /! 1
compressionAcrossCM (Qu, o 2 3, Ar, uem, N, L) = (Uem’y, 0 Uemiz, Uemiy, 0 Uemgyy, N, L)

CM-ACROSS-COMPRESS

singleCompressionAcrossCM (Qu, o, Ar, uem, N', L) = (Uemiy, Uemlpmy, N, L") |
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Ar = rID Ap(Ql,, Zp) - Aq(Qly, Zq),b1(QLg, To1), - -+, bn(Qlg, Ton), - -
uem = (q(Quq, ty), Create, eID, Ay) q(Qly, Z)o = q(Quq, ty) dom(o) = £, UZp UL, UZ, U U T
i=1

Vi € [1,n],vID; = TUPLEHASH(b; (Q4y, T;)o,T) ruleargs, = rID :: 1q :: vIDy 1 -+ i vIDn:
HrID, = hash(ruleargs,) if (I'(q)[type] = event) then b, = hash()\4:3) else b, = hash()\,)
Ap = id(@Quq, HrID,, by) uem’ = (p(Q&,, Tp)o, Create, eID, \p)
nemy = ({Qug, HrIDy), ruleargs,,) N’ =N U ncemy, lemp = (Ap, Aq)
K,/ =LU lcmp if O’(@fp) = @Lq then Z/lcm,/m = [Ule],ucmleﬁ = [] else ucm,/m = H,ugmleu = [Ule]
- - 7 7 7 CM-ACROSS-CREATE
singleCompressionAcrossCM (Qug, o, Ar, uem, N, L) = Uemip, Uem'eys, N, L")

Ar = rID Ap(Ql,, Zp) - Aq(Qly, Zq),b1(Qly, Tp1), -+ , bn(Qly, Ton), - - -
uem = (q(Qtq,ty), NCreate, eID, \y)

(@, 7)o = q(Quq,t;)  dom(o) = £, UT, ULy UT, U | 7
i=1

Vi € [1,n],vID; = TUPLEHASH(b; (Qfy, Ty )0, T) ruleargs, = rID :: 1g 11 vIDy iz -+ - 1 VID,
HrID, = hash(ruleargs,) if (I'(q)[type] = event) then b, = hash()4:3) else b, = hash()\q)

Ap = id(Quq, HrID,, byp) uem’ = (p(QLy,, &), NCreate, eID, \p)

if O'(@Zp) = @Lq then Z/{cm;n = [UCm/LI/{cm/ﬁzt = [] else Z/{cm;n = [],Z/{cm/mt = [UCm/]
- - 7 7 CM-ACROSS-NCREATE
singleCompressionAcrossCM (Qug, o, A1, uem, N', L) = Uemiy, Uem'pyy, Ny L)

F. EXAMPLE DEPENDENCY GRAPH

Figur shows an example attribute-level dependency graph for the packet forwarding program in Figure Based on

| the equivalence keys are (packet:0, packet:2).

@®@

Section

Figure 27: The attribute-level dependency graph for the packet forwarding program in Figure
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G. CORRECTNESS OF COMPRESSION

In order to prove that our online compression algorithm is correct — that it stores all the expected provenances and nothing
more, we show that there is a bisimulation relation between network states for semi-naive evaluation and online compression
execution that shares storage across equivalence classes.

This section is organized as follows. First in Appendix we define a bisimulation relation between the network state
for semi-naive evaluation and online compression execution that shares storage within equivalence classes, and show that it
holds after every pair of corresponding transition rules in both systems is fired. Next in Appendix we define a second
bisimulation relation between the network state of online compression execution that shares storage within equivalence classes
and online compression execution that shares storage across equivalence classes, and again show that it holds after every pair
of corresponding transition rules in both systems is fired. In this way, we see that all provenances derived and stored by the
semi-naive evaluation is also derived and stored by the online compression execution that shares storage across equivalence
classes and vice versa.

G.1 Bisimulation between semi-naive evaluation and online compression execution

First, we show that there is a bisimulation between semi-naive evaluation and online compression execution that shares
storage within equivalence classes. In Appendix [G.1.1} we formally define a relation Re¢ between the network configuration
Csn of semi-naive evaluation and the network configuration Cem of online compression execution and show that the relation
Csn Re Cem defines a bisimulation between the two executions. Next, in Appendix we show that every time the
semi-naive evaluation takes a step,

G.1.1 Relating network states

We define relations between constructs for semi-naive evaluation and online compression execution that shares storage
within equivalence classes.

Relating a single update (I" b usn ~y uem).

In the base case, when a tuple ev arriving on a node is an event relation, rule u-Base states that the update for
semi-naive evaluation is simply the event tuple itself, while the update for online compression evaluation is the event
tuple, the flag that tells us whether to maintain provenances, and the hash of ev.

In the inductive case when tuple @) arriving on a node is not an event relation, then tuple ) must have been been
derived from a previous rule that has already been fired. Tuple @ triggers another rule on the node to derive a new
tuple P. Rule u-InD states that the update for semi-naive evaluation is the entire provenance tree for P which has the
provenance tree for (Q as a subtree, while the update for online compression evaluation is the tuple P, the flag that tells
us whether to maintain provenances (which must be the same as that of the update for @) the hash of the event tuple
the triggered program execution, and the unique identifier for the provenance of the rule that derived P.

Relating multiple updates (I' F Usn Ry Uem).
The base case is when both Usn and Uem are empty sets.
In the inductive case, every update usn in Usn must be related to an update uem in Uem according to the relation
usn Ry uem and vice versa.

Relating a provenance tree to an ordered list of rule provenances (I' - tr ~g yl).
Rule ~4-Bask states that when an incoming event tuple triggers execution of the first rule in the program to derive
tuple P, each construct in the provenance tree for P can be related to a construct in the rule provenance.
Rule ~4-InD states that if the incoming tuple ) is not an event tuple and its provenance tree relates to an order list
of rule provenances and triggers execution of a rule 7ID in the program to derive tuple P, then the provenance tree for
P can be related to the list of rule provenances for tuple () with the rule provenance for the rID appended to the end of
the list.

Relating provenance trees to rule provenances (I' - M ~4 T).
The base case is when both M and T are empty sets.
In the inductive case, every provenance tree tr in M relates to an ordered list of rule provenances yl, and every element
of yl can be found in Y.

Determining an potential update (DQ,T F uen = ruleEzec, uem’).
Given an update ucm for tuple @ and the program execution, rule =-UppATE determines a potential update uem’ that
can be generate given program D( and the tuple associated with uem, as well as the corresponding rule provenance.

Determining future provenances generated from a single update (I' F uem % yl).

Given an update uem for tuple @ and the program execution, rule 3--IND can be repeatedly applied to determine the
allowable future updates according to the program, and an ordered list of rule provenances for the allowable future
updates.

Determining future provenances generated by multiple updates (I' - Uem ~ T).

Given a set of updates Ucem and the program, repeated application of rule ~-UpPDATE derives all the rule provenances
that could possibly be generated by the updates in Ucm.

Relating a provenance tree to a tuple provenance element (I, T I interest(¢r) ~proy prov).

Given that tuple P is an instance of a relation of interest, and given that the provenance tree of P relates via ~4 to an
ordered list of tuples, a tuple provenance node for P stores the location specifier of P, the hash of the primary keys of
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P, the hash of the primary keys of the event tuple that triggered the execution sequence that derived P, and the lookup
key for the tail element of the ordered list.
Relating provenance trees to current and future rule provenances (I, DQ,Ucn b M Rye T).

Given a set of provenance trees M that are generated by semi-naive evaluation, a set of rule provenances Y have
already been generated by online compression evaluation, and that online compression evaluation will eventually use the
updates in Uem to generate a set of rule provenances Y¥, rule ReLate-RuLe-Prov derives that all provenance trees in M
relates to the existing rule provenances Y given the updates Uem.

Relating a set of provenance trees to a set of tuple provenances (I', T - Mprov Rprov Tprov).

In the base case, both Mprov and Yprov are empty sets, thus ~,.., trivially relates the empty sets.

In the inductive case, every element in Mprov is a provenance tree interest(¢r) for an instance of a relation of interest,
that relates via ~pr00 to a tuple provenance node in Yprov and vice versa.

Relating the configurations for semi-naive to online compression evaluation (Csn R¢ Cem).

Most of the constructs used to define the network configurations for semi-naive evaluation and online compression
evaluation that shares storage within equivalence classes are identical, except for the way updates are handled and how
provenance is maintained.

Rule RELATE-CoNFIG relates the updates from both evaluations using the relation Ruy.

Rule ReELATE-RULE-PROV relates M, the set of provenance trees of all tuples derived by the semi-naive evaluation to Y,
the set of rule provenances generated by the online compression evaluation. Because updates may be processed out of
order, this rule makes use of the updates that have yet to be fired by online compression evaluation to show that the
sets of provenances in both evaluations will eventually correspond.

The relation Rprov makes use of the set of future rule provenances that will eventually be generated by the updates
to relate the provenance trees of all tuples of relations of interest derived by the semi-naive evaluation to the tuple
provenances of relations of interest derived by the online compression evaluation that shares storage within equivalence
classes.

Because the every provenance tree derived and stored by the semi-naive evaluation will eventually corrspond to some
rule provenance(s) derived and stored by the online compression evaluation and vice versa, the two evaluations always
store the exact same provenances when execution terminates.

'+ usn ~a Ucm

I'[e][type] = event heq = EQUIHASH(e(Qe, T, ),T) eID = TuPLEHASH(e(@u, t,),T)
I'F e(Que, ) ~y (e(Que, t.)), createFlag, eID, id (@, B, heq))

U-BASE

Tk trq : q(Qug, ty) ~u (q(QLq, T,), createFlag, eID, \,) Vi € [1,n], vID; = TUPLEHASH(b;(Quq, ), T")

ruleargs, = 1D :: 1q :: vIDy i -+ - 1 VID, HrID, = hash(ruleargs,) Ap = id(Quq, HrID,, hash(Aq)) .
= = = = = = U-IND
't (TIDvp(@LZN tp)7 trq:Q(@an tQ)7 b1 (@L(N tbl) et by (@Lfb tbn)) : p(@LIH tp) ~u <p(@bp7 tp))7 CreateFlag7 eID, )‘p>
I'Usn ~ay Uem
I'F usn ~q Ucm I'EUsn Ru Ucem
—————— U-BASE U-IND
'k [] Ru [] I'Fusn i Usn Ru Uem 2 Uem
trP = (TIDvp(@va Fp)v e(@[,e, t_:i)7 bl (@1/67571) el bn(@beﬂ%n))
heq = EQUIHASH(e(Qv, t,),T) e = id(0, 0, heq) Vi € [1,n], vID; = TuPLEHASH(b; (Qe, t5:), T')
ruleargs, = rID :: te 11 vIDy - -+ 1 vID, HrID, = hash(ruleargs,) Ap = id(@ec, HrIDy, heq)
~q-BASE
Tk trp ~a (Ap, ruleargs,, Ae)
L F try:q(Quy, ty)) ~a yl, i (Ag, ruleargs,, Ap) Vi € [1,n], vID; = TuPLEHASH(b;(Qty, t), ")
ruleargs, = rID :: 1 :: vIDy i -+ 11 vID, HrID, = hash(ruleargs,) Ap = id(@eq, HrID,, hash(Ag)) .
- = = ~ ~g-IND
I'F (rID, p(Qup, tp), trq:q(Qrq, tq), b1(Qig, to1) 2 -+ 1 bn(Qrg, tyn)) ¢

~a yl, = (Ag, ruleargs,, Ap) it (Ap, Tuleargs,,, Aq)

F}—M%d’r

[d}B PFtrwdyl FFMNdT[d}I
—_— -BASE -IND
T {}~q{} T MUtr~qg YUy

| DQ,T I uem = ruleExec, uem’ |
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Uemg = <q(@[’qvt_:1)7 Create, elD, /\q> rID p(@epafp) - Q(@éqv'fQ)a b1 (@Ltb fbl)a o 7bn(@bqvfbn)7 e € DQ

(@, 7g)o = q(Qug, 1)  dom(o) =6, UT, ULy U| JZh Vi€ [1,n],vID; = TUPLEHASH(bi (g, 7i), T)
i=1
ruleargs, = rID :: 0(1q) :: vIDy i -+ - 1 VID, ruleBzecq = (\p, ruleargs,, Aq)
HrID, = hash(ruleargs,) bp = Aq:3 Ap = id(Qeq, HrIDy, byp) Uemp = (p(QF,, Zp)o, Create, eID, A)

=-UPDATE
DQ, T+ Ucmqg = ruleE:recp, Ucmp

F}_Ucmq—)yl

DQ,T + uem = ruleBzxec, uem’ DQ,T' F uem’ - yl’
——————— 35-BASE - %-IND
DQ7 '+ uem & [] DQ, I'F uem & [TUZ@E{L’@C] o yl

F'FUm AT

Vi € [l,n]7DQ,FFucm‘Z}—> yl2 DQ7FFUCmmT

~-IND

~ Bask DQ, T+ Uem U | Jthemi ~ Y U w1,
DQTH{}~{} i=1 i=1

[T, DQ,Uem b M Rye T |

I, DQFUm ~ YT  THEMmgYUTT

T DQ.Uem - M Roa T RELATE-RULE-PROV

I, T F interest(¢r) ~prov prov|

EVENTOF(tT’r:T(@Lr,ﬁ)) = e(Qq, tl)
eID = TuPLEHASH(e(Qt,, %), T) T F trer(Que, ) ~g yl, = (A, ruleargs,, Aq)
yl, i (A, ruleargs,, Ag) €T tID = TUPLEHASH(r(Q4,, 1)), T)

_ = RELATE-PROV
I, T+ interest(¢r,:r(Qup, tr)) ~prov (Qtr, tID, eID, A,)

| F, TH ./\/lpm’u prov Tprov

I, T F interest(try:r(Qcy, E;)) ~prov PTOU I, T F Mprov Xprov Lrrov
L, T F Mprov U interest(tr,:r(Qtyp, ir)) Rprov Yorov U prov

%py-m,—BASE %prm)‘IND

L, {} =prow {}

|r, DQ,Uem, T F Mprov Rproy Yprov

[, DQFUem > TF T, YUY F Yorow Rprow Mprov
F, DC)7 Z/{cm7 T " Mprm) Rprov Tp’r()’u

Rprov-BASE Rprov-IND

F, DQ,Z/{U!I},, T+ {} Rprov {}

Vi e [1, N], Ssni = <@L¢'7 DQ, F, DBZ, 51', Z/{sni, equiSeti, Mi, Mpru’ui>
Vi € [1, N], Semi = <@Li, DQ,T,DB;, &, Usn;, equiSeti, T, Tprovi>

N
'k an Ru Qcm Vi € [1, N], ' Usn; Ru Uem; Z/[cmF g Qcm U UZ/[cmi

i=1

N N N N N
T, DQ,Uen” F U M; Rre U T, T,DQUecm", U T, - U Mprov; Rprov U Yprov;
i=1 i=1 i=1 i=1 i=1

RELATE-CONFIG
an > Ssnl e San Rc Qcm > Scm1 e ScmN

G.1.2  Semi-naive evaluation simulates online compression execution

We show that semi-naive evaluation simulates online compression execution that shares storage within equivalence classes.
To do so, for each transition rule for semi-naive evaluation, we state and prove a lemma that shows that the rule has a
corresponding counterpart in online compression execution. If initially the network configuration for both systems relate, after
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semi-naive evaluation steps to a new configuration, then online compression execution is also able to step to a corresponding
new configuration. We present the lemmas and their proofs below.

Multi-step transition: semi-naive simulates online compression (Lemma [6).

We define Cinit to be the initial network configuration when no updates have been fired and not provenance has been
stored. We show that given any Semi-Naive evaluation that transitions from Cini to Csniy1 in k steps, there exists an
Online Compression evaluation that also transitions from Cini to Cemr+1 in k steps, and furthermore that the network
configurations relate (i.e. Csng+1 Re Comit1).

To prove this lemma, we use induction over k. In the base case when k& = 0, Csn1 = Cinit = Cem1, SO it is obvious
that Csn1 Re Cemi. In the inductive case when k = m + 1, Cinit transitions to Csng in m steps, thus by the induction
hypothesis that Csni, Re Cemi. Now using Single-step transition: semi-naive simulates online compression (Lemma E[),
we see that given Csnk _>§N Csnk+1, there exists Ccmk+1 s.t. Csnk+1 Rc C(ﬂnk+1.

Single-step transition: semi-naive simulates online compression (Lemma @

Given that the network configuration for both systems relate (Csn Re Cem), if the semi-naive evaluation takes a step
and transitions to Cs»’, then when online compression execution takes a step to Cem’, these new network configurations
again relate (Csn” Re Cen').

The proof uses the relation Csn Re Cem and inversion over the transition rules for the network configuration (Csn — sy
Csn').

Case A: the last rule that derived Csn —sy Csn’ was SN-NODESTEP.
The overall network configurations in both systems took a step because some state Ssn; in Csn transitioned to a new
state Ssn; with additional external updates Usn;. We use Single-step transition per node: semi-naive simulates online
compression [§] and the corresponding Online Compression rule CM-NODESTEP to obtain the goal.

Case B: the last rule that derived Csn — sy Csn’ was SM-DEQUEUE.
The overall network configurations in both systems took a step because external updates in Csn were sent to different
nodes in the network based on their location specifier. Since external updates in Csn correspond to those in Cem, by
CM-DEQUEUE we have our goal.

Single-step transition per node: semi-naive simulates online compression (Lemma .
Given two related configurations (Csn Re Cem), if state Ssne in Csn transitioned to Ssny with external updates Usny,
then the corresponding state Semg in Cem transitioned to Semj with external updates Ucm).
The proof uses the relation Csn Re Cem and inversion over the transition rules for the individual nodes (Ssng —
Ssn%7 USnIeT,t) .

Case A: The last rule that derived Ssny — Ssny,Usnl,,; was SN-EVENT.
Rule SN-EvENT popped off an event in £ and fired an update. It is easy to relate the respective updates for both
systems show that the resultant list of internal events and updates correspond. The provenance trees in Ssne and
Ssny are the same.

Case B: The last rule that derived Ssny < Ssn),Usn,,, was SN-RULEFIRE-FAST.
Rule SN-RULEFIRE-FAST takes in an update and substitutions for a rule, then generates a new update based on these
arguments. Thus, the set of provenances and updates for fast-changing tuples is incremented. By fireRulesSN
simulates fireRulesCM (Lemma [10) and CM-RULEFIRE-FAST, we obtain the desired conclusion.

Case C: The last rule that derived Ssny < Ssnp, Usn,,; was SN-RULEFIRE-INTEREST.

Rule SN-RULEFIRE-INTEREST takes as argument an update that contains a provenance tree tr,:res, in which res is a
tuple that is an instance of a relation of interest as an argument. It saves tr.:res in the set of tuple provenances. No
new updates nor new rule provenance are generated.

Since provenance tree tr,:res is an update, thus the semi-naive evaluation has already stored tr,:res in the set of
derived provenance trees M and the set of provenances for relations of interests Mprov. By relation Csn Re Cem,
therefore rule provenances that correspond to tr,:res are either already stored in T, or will eventually be generated.
Now we apply rule RELATE-PROV to show that we can store ¢r,:res in Yprov. Since only the set of tuple provenances
(Mprov and Yprov) is updated by rule SN-RULEFIRE-INTEREST, thus the updated network states for both executions
again relate.

fireRulesSN simulates fireRulesCM (Lemma .
Given that the network configuration for both systems relate (Csn Re Cem), fireRulesSN(Que, ADQ, usne, DBe, My)
takes in an update wsng, a subset of the program D@ and returns new updates and provenance trees.
This lemma is proved using induction over |15Q| In the base case then there are no rules to be fired, Csn' = Csn and
Cem’ = Cem, so the conclusion is trivially true. In the inductive case when |D@Q| = k+1, the last rule fired was SN-SEqQ. By
inversion on that rule we see that we should use fireSingleRuleSN simulates fireSingleRuleCM (Lemma, the induction
hypothesis, and then CM-SEQ to obtain the goal.
fireSingleRuleSN simulates fireSingleRuleCM (Lemma .
Given that the network configuration for both systems relate (Csn Re Cem), fireSingleRuleSN(Qug, Ar, usng, DBe, M)
takes in an update usn¢, a rule in the program D@, and returns new updates and provenance trees.
We prove the lemma using Lemma derivationSN simulates compressionCM (Lemma and CM-FIRESINGLE.

derivationSN simulates compressionCM (Lemma .
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Given that the network configuration for both systems relate (Csn Re Cem), derivationSN(Que, 3, Ar, usng, M) takes
in an update usng, a rule r in the program D@, a subset 3 of all possible substitutions for  and returns new updates
and provenance trees.

This lemma is proved using induction over |X|. In the base case then there are no possible substitutions and rule
r cannot be fired, thus Csn’ = Csn and Cem’ = Cem, and the conclusion is trivially true. In the inductive case when
|¥X] = k + 1, the last rule fired was SN-SussT. By inversion on that rule we see that we should use singleDerivSN
simulates singleCompressionCM (Lemma the induction hypothesis, and then CM-SuBsT to obtain the goal.

singleDerivSN simulates singleCompressionCM (Lemma .

This is the key lemma that deals with updating the set of rule provenances. The proof is fairly complicated due to
potential out of order executions. Because semi-naive evaluation stores one provenance tree per execution while online
compression execution only stores one set of rule provenances per equivalence class, out of order executions may result
in the provenances in the systems not having an obvious correspondence during program execution. Consequently, our
proof need to argue that the missing rule provenances will eventually be generated by the online compression execution.

The lemma shows that given that the network configuration for both systems relate (Csn Re Cem), singleDerivSN (Qug,
o, Ar, usng, M) takes in an update usng, a rule r in the program D@, a substitution o for r, and returns a new update
usny and a new provenance tree.

There are several cases to consider:

Case I: usny represents a tuple that is an instance of the input event relation.
By the rules Semi-Naive evaluation, the last transition rule executed was SN-SINGLESUBST-EVENT. Therefore by
inversion on the rule, exists an input event tuple ev s.t. usne = ev and exists a provenance tree tr,:P s.t. usny = tr,:P
and ev is a subformula of tr,:P.

Case A: ucmy.createFlag = Create.

Using the constructs obtained from inversion, we fire the corresponding cnline compression rule CM-CREATE to
return an update ucm; and a new rule provenance ruleEzec,. Because only one rule in DQ has been fired so far,
it is easy to see that provenances tr,:P and ruleEzec, relate and furthermore that updates usny and wuem), relate.
We show that the new provenances added to both systems relate. Since value of createFlag is Create, ruleExecy
was created and stored in Cem. We use the above facts and Csn Re Cem to show that the network configurations
of both executions after firing SN-SINGLESUBST-EVENT and CM-CREATE again relate.

We use Csn Re Cem and the above facts about the new update and rule provenance generated to show that the
network configurations of both executions after firing SN-SINGLESUBST-EVENT and CM-CREATE will again relate.

Case B: ucmy.createFlag = NCreate.

By the constructs obtained from inversion, we fire the corresponding online compression rule CM-CREATE to
return an update uemy; and a new rule provenance ruleEzec,. Because only one rule in DQ has been fired so far,
it is easy to see that provenances try:P and ruleEzec, relate and furthermore that updates usn; and wuem; relate.
We show that the new provenances added to both systems relate. Since value of createFlag is NCreate, there
are two cases to consider. (1) ruleEzec), is already stored in Cem. By examining the rules for online compression
execution, in the past some update uemy (where uem; = ucmg[createFlag — Create]) had already been fired,
causing ruleFEzec, to be created and stored in Cem. Because the network configurations of both systems relate,
thus ¢rp:P is already stored in Csn as well. Therefore previous updates already generate provenances tr,:P and
ruleEzec, and thus when rules SN-SINGLESUBST-EVENT and CM-CREATE were fired no new provenances were stored.
(2) ruleEzec, is not stored in Cem. By examining the rules for online compression execution, there is an update
uemy (where uemj = uemg[createFlag — Create]) that has not been fired yet and is still stored in the set of updates
in Cem. However the set of rule provenances in Csn is updated to include trp:P. We use ucmy to argue that in the
future ruleEzec, will be created and stored, thus the rule provenances in both systems still relate.

We use Csn Re Cem and the above facts about the new update and rule provenance generated to show that the
network configurations of both executions after firing SN-SINGLESUBST-EVENT and CM-CREATE will again relate.

Case II: usn¢ represents a tuple that is an instance of a fast-changing relation/ relation of interest.
By the rules semi-naive evaluation, the last transition rule executed was SN-SINGLESUBST-FasT. Therefore by inversion
on that rule, exists a provenance tree trq:Q s.t. usne = trq:Q and exists a provenance tree trp:P s.t. usny = trp:P
and trq:Q is a subtree in try:P.

Case A: ucmy.createFlag = Create.

By the transition rules semi-naive evaluation, ¢rq:Q is stored in Csn. Thus given the relation Csn Re Cem there
exists a list of rule provenances yl, that relates to trq:Q. Since createFlag = Crreate, rule provenances are created
during this online compression execution, so yl, is concretely stored in the set of rule provenances in Cem.
Using the constructs obtained by inversion on SN-SINGLESUBST-FasT, we fire the corresponding rule CM-CREATE
and obtain the new rule provenance ruleEzec, and new update ucmjy. ruleEzec, stores the provenance for the
execution of rule r triggered by tuple @ that uses substitution o. Given that usne and uemg relate, it is easy to
see that usn, also relates to uemj.

We show that the new provenances added to both systems relate. Since createFlag is Create, rule provenances
are created during this online compression execution, so ruleExec, is concretely stored in Semg. Using the above
results we show that tr,:P and yl, :: ruleEzec, relate and yl, :: ruleExecy, is concretely stored in Cem. We
use the above facts and Csn Re Cem to show that the network configurations of both executions after firing

37



SN-SINGLESUBST-FAST and CM-CREATE again relate.

Case B: ucmy.createFlag = NCreate.

By the transition rules Semi-Naive evaluation, trq:Q is stored in Csn. Thus given the relation Csn Re Cem there
exists a list of rule provenances yl, that relates to trq:Q.

Using the constructs obtained by inversion on SN-SINGLESUBST-FasT, we fire the corresponding rule CM-NCREATE
and obtain the new rule provenance ruleEzec, and new update ucmy. ruleEzec, stores the provenance for the
execution of rule r triggered by tuple @ that uses substitution o. Given that usnsanducmg relate, it is easy to see
that usn, also relates to ucmj.

We show that the new provenances added to both systems relate. Since value of createFlag is NCreate, there are
two cases to consider. (1) yl, is already stored entirely within Cem. If ruleEpec, is also stored in Cem, then the
rule provenances in both system configurations again relate. If ruleExec, is not stored in Cem, By examining the
rules for online compression execution, there is an update uem; (where uemy = ucme[createFlag — Create]) that
has not been fired yet and is still stored in the set of updates in Cem. However the set of rule provenances in
Csn is updated to include trp:P. We use ucmy to argue that in the future ruleEzec, will be created and stored,
thus the rule provenances in both systems still relate. (2) yl, is not stored entirely within Cem. By Csn Re Cem
part of yl, is contained in Cem (call it yl,) and there is some update uem” (where ucm”.createFlag = Create)
that generates ylp, where yl, = yl, o ylg. Since uem” will eventually cause updates ucme[createFlag — Create],
uemyg[createFlag — Create] and rule provenanceruleEzec, to be generated as well, therefore the missing rule

provenances ylg :: ruleExec, will eventually be created and stored. Thus the rule provenances in both systems

still relate after the transition rules have been fired.

Lemma 6 (Multi-step transition: semi-naive simulates online compression).
Vk € N,
k
Cinit =y Csnkt1
implies
ACemp41 s-t.
k
Cinit /s Comit1
and CU"UH»I Rc Cs71,k+1.

Proof. By induction over k.

Base Case: k = 0.
By assumption,
(b1) Cinit =2y Cinit
We define:
(b2) the network configuration for online compression evaluation to be Cinst
Thus we have
(b3) Cin’it /‘%M Cinit
By Rule ReLaTE-ConrFIG and since no provenances are stored in either configuration,
(b4) Cinit Re Cinat
By (b2) and (b4),
The conclusion follows

Inductive Case: k =m + 1.
Given Cz’m‘t *)Z}N Csnk, by I.H. we have
(11) BCcmm s.t.
Cinit /G Cemma1
and Ccmm+1 Rc Csnm+1.
By assumption we have
(i2) Csnk —>SN Csnk+1
Using (i1) and Csni — sy Csnk+1 we apply
Single-step transition: semi-naive simulates online compression (Lemma ) to obtain:
(i3) HCckarl s.t.
Cinit /‘]EM Cempy1
and CkaJrl Rc CsnkJrl
By (i2) and (i3),
The conclusion follows

Lemma 7 (Single-step transition: semi-naive simulates online compression).
Csn Rc Cem
and Csn — SN Csn/
implies
E'Ccm/ s.t.
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Cem /CM Ccm,
and Csn/ Rc Ccm/.

Proof.
Assume that
(1) Csn Rc Cem
(2) Csn —>SN Csn/
By inversion on the rules (2),
Csn = an > Ssnl s San
Cem = Qcm > Scml e ScmN
Vi € [17 N], Ssni = <@Li7 DQ,T,DB;, &, Usn;, equiSeti, M, Mprovi>
Vi € [1, N], Sem; = <@Li, DQ, F, 'DB“ gi,UC7ni, eqm’Seti, Ti, Tprovi>
ga I E an Ru Qcm
Es Vi€ [1,N], T+ g\filumi Ru Ui, Uem
g,y s Z/[cmF Q Qcm @] U.:lucmi
55 o F, DQ,Z/{cm,F = Uz‘:l ./\/ll Rre U’f\;l Tl
55 o P, DQ7 I/{CTTLF, Uiil Tz = Ui\;l Mprovi Rprov Ui\;l Tprovi
By inversion over the rules for Csn — gy Csn’, we have the following cases:

Case A: the last rule that derived Csn — gy Csn’ was SN-NODESTEP.
By inversion we have
(al) Ssni — Ssn;,u:m;
(8.2) V] € [1,71} A ] §£ i, Ssn; = Ssn]’
By (1) and (al) we apply
Single-step transition per node: semi-naive simulates online compression (Lemma to obtain
(63) Hucm;, 3867712 s.t.
Semi — Scm;, Z/{cmg
and an Ousn; > Ssn1 . 'Ssn; . ‘San Rc Qcm Oucm;’ > Scml . 'Scm; . 'ScmN.
Define
(a4) Ccm/ = Qcm o Z/{cm; > Scm/l e Scmfb‘ te Scmg\]
where VJ € [1, N] /\j 75 €, Scm;- = S(:mj.
Apply CM-NODESTEP to obtain
(35) Ccm /‘CM Ccm/
By (a3) and (ab),
The conclusion holds.
Case B: the last rule that derived Csn — gy Csn’ was SN-DEQUEUE.
By inversion we have
(bl) Csn/ = anl > (Ssnl o anl) cee (San o anN)
(b2) an = an/ (&) anl DD anN.
Define
(b3) Qcm = Qcm/ (&) Qcm1 H---D Qcm[\],
where I' - an ~uy Qcm.
By &a,
(b4) Vi € [I,N}, T'F Qsni ~y Qems.
Using (b4) define
(b5) Ccm/ é Qeml > (807711 o Qcml) e (ScmN o Q(:mN).
Using (b5) apply CM-DeQuEUE and obtain
(b6) Cem M omr Com”
By &a, Es, (b4), &, Es, and &,
(b?) Csn, Rc Ccm/.
By (b6) and (b7),
The conclusion holds.

Lemma 8 (Single-step transition per node: semi-naive simulates online compression).
Osn > Ssni -+ Ssng -+ - Ssuy Re Qem > Semy -+ - Semyg - -+, Semn
and Ssng — Ssn%7 Z/l.sn'm,,
implies
Hucm/ert, HScmZ s.t.
S(,'"LZ % S(,'T”%, Z/{C’ln,lﬁzt
and an o Z/{sn,ewt > Ssn1 ce Ssn2 ce Ssn[\] Rc Qcm o) UCm;wt > Scml ce Scmz ce Scm[\].

Proof.
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Assume
(1) an > Ssn1 s Ssne s ,S.s‘nN Rc Qcm > Smru s Scm[ s ScmN
(2) Ssne — Ssné,“sn;m

By inversion on (1) we have
Vi € [1, N], Ssni = <<@Li7 DQ7 F, DBZ, gi,UMLi, equiSeti, Mz‘, Mpr(wi>
Vi € [1, N], Semi = <@L7;7 DQ,T,DB;, &, Uemi, equiSeti, i, Tprov,Lv),
ga =T F an Ru Qr:m
55 Vi S [1,N], 'k L]J\;‘ilu‘g"i Ru Uivzl Z/[cmi
g—y o UCmF C Qch U Z/{cmz
E =T, DQ,Uen” + va M; Ree Ui,
& o F I)Q7 Z/[(m 7LJ T = U i—1 Mproul prov vazl Tpro'ui

We proceed by mductlon over the rules for (2)

Case A: The last rule that derived Ssny < Ssnp,Usnby, was SN-EVENT.

By inversion we know:

(al) Ssne = (Qug, DQ, T, DBy, e(Quy, Ty) :: E¢,Usne, equiSet,, My, Mprovy)
( 2) Ssng = <@L[, DQ,F DB£75[7Z/{SII[ o [’u,sng] equlseté,Mz,MpmuD Z/[snezt
(a3) 'LLsng = e(Que, 1,)
(a4) T )[tuple} = event
(ab) K = T'(e)[equi__attr]
(a6) heq = EQUIHASH( (Qe, 1v), K)
(a7) equiSet’ = equiSet U heq
We define

e
( ) Uemy £ <€(@LZ, Fe), createFIag, eID, heq)
where createFlag = NCreate if heq € equiSet, and createFlag = Create if heq & equiSet,
(a9) eID = TupLEHASH(e(Qe, t.), ')
By the definition of wueme,
(8.10) I+ Usng ~~q Ucmy.
By &z and (al0),
(all) 'k Z/{sng D Usng ~UY Z/{cmg D Uemy
By (all) we apply CM-INIT-EVENT to obtain
(312) Semp — Scmz, []
where Scm% = <@Le, DQ, F, DB(7 Eg, Usng o [’LLsne], equiSeté, Tz, Tprovg>.
By &a, €8, €+, Es, Ec and (all),
(8.13) an > Ssn1 s Ssné R Ssn]\] Rc Qcm > Scml cee Scm; s ScmN
By (al2) and (al3),
the conclusion holds
Case B: The last rule that derived Ssn; — Ssnj,Usn,,, was SN-RULEFIRE-FAST.
By inversion we know:
(bl) Ssne = <@Lg, DQ7 F, DB[, 5[, Usng 2 U_sn[, equiSetg, Me, Mp’rn’b'g>
(b2) Ssne <@Lg, DQ, F, DB[, 5@, (/[sne o I/{sn;n, equiSetZ, M/g, Mpravz)
(b3) T'(q)[tuple] = fast
(b4) usng = trq:q(Que, ty)
( ) _ﬁT’eRUleSSN(@Lg, ADQ, Usng, DB[, Mg) (Z/[SIL{LT” u"’/ezta M%)
), the above and since DQ C D@, we apply fireRulesSN simulates fireRulesCM (Lemma |10) to obtain that
) Hucmg ins HZ/{cme exts HTZ s.t.
ﬁreRules CM(@L[, ADQ, Ucmy, DB[, Tz) (Z/{cm,m, Z/{cm,”t, TZ)
and Qan [e] Z/{sng ext > SML1 Ssng . Ssn[\] Rc Qcm [e] Z/{cm[ ext > Scml Scm? e ScmN,
where Ssng = <@Lq7 DQ, r DB[, Sg,Usng o Usnm, eqquet[, M[, Mpv()l)g)
and Scmg = <<@Lq7 DQ7 r DB@, 5@71/{0771@ o UCmm, eqqueté, T@, Tprove)
We apply CM-RULEFIRE-FAST to obtain
(b?) Semg — S(:m?,Ut:rné’ezt
By (b6) and (b7)
the conclusion holds

By

b3
b4
b5

(1
(b6

Case C: The last rule that derived Ssny < Ssnj, Usn,,; was SN-RULEFIRE-INTEREST.
By inversion we know
(C].) Ssne = <@L[, DQ, r DB@, gz, Usnyg :: USnz, equlSetZ, M[, Mprovg>
(C2) Ssne = <@L£, DQ, F DB[ Up(@Le, tp) (c/‘e,usne o uqnm, eqqueté, Mg, Mprm)g @] {lnterest(trp p(@@L[7 tp))}%USn/mt
(¢3) T'(p)[tuple] = interest
(c4) usng = trp:p(Que, tp)
( ) ﬁreRulesSN(@Lg, ADQ, Usng, DB({, Mz) (Z/[sn;n,USnlﬁzt, M%)
y (1) and since DQ C DQ we apply fireRulesSN simulates fireRulesCM (Lemma to obtain
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(CG) HUmnzyin, HZ/[cmZ,ezt, HTZ s.t.
ﬁreRulesC’M(@Lg, AID_Q, Ucmy , DB[, Te) = (Z/{cmz’in, u(‘”’”z,ezt? Tz)
and Qsn Ou.s‘n/gyeu > Ssn1, e ,Ssn?, s ,San Re Qem Ou(:m/gyert > 8(:7711, s ,S(Jm?, s 7Scm]\],
where Ssn? = <<®Lq7 DQ, F, DBz7 gz,u;ng o Z/{sn;n, equiSetm M27 Mp'rng)
and Scm? = <@Lq, DQ, F, DB@, 5[,u;mg o UCm;", eqm’Set[, T;, Tprove>.
Using the above constructs we define
(c7) tID £ TUPLEHASH(p(Que, 1), K)
(c8) prov = (Qup, tID, eID, \p).
By examining the rules for Semi-Naive Evaluation,
trp, € Mg
By the above and &s,
(c9) Fyl,, g s.t.
L'k trp ~q yl,
and tl(yl):1 = Ap
and I, T, U Ui\il T; b interest(tr) ~prov PTov.
By (c9) and &
(C].O) P, DQ, UCmF, Uf\;l Tl F UZI'V:LZ'#[ Mprovi U Mp'rové Rprov Uivzl,i;ﬁl Tprovi U (Tprovg (@] p’I”OU)
By 537
(c11) Vi € [N}, T = UL, ., Usni Ulhsne Raua |J
Apply CM-RULEFIRE-INTEREST to obtain
(C12) Semp — Scmz, [],
where Semj = (Qup, DQ,T', DB, U p(Quy, t,), E¢, Uemy, equiSet,, Yo, Tprovy U prov).

N

i1 10 Uemi U Ueme

We apply Deleting updates that triggered all possible rules (Lemma E[) to obtain:
By &a, (cll), &, &s, and (c10),

(C13) an o USn,Iezt > Ssn,l e Ssnz e Ssn,N Rc Qcm o I/{cm;xt > Scml s Scmé e ScmN
By (c12) and (c13),

the conclusion holds

Lemma 9 (Deleting updates that triggered all possible rules).
an > Ssnl s Ssne cee San Rc Qcm > Scml cee Sc’mg cee ScmN,
where Ssng = (Qug, DQ, T, DBy, £, usng :: Usne, equiSet,, Mg, Mprov,)
and Scmg = <@Le, DQ, F, ’DB@, g@, Ucemy 2 Z/l_cme, equiSete, Te, Tprovg)
and usng = trq:Q
and ¥r € DQ,
r=rlD p(@zp’ fP) - (I(@Etﬁ 54)7 b1(@€q, fb1)7 T 7b"(@£q7 fb’ﬂ)7 o
¥ = p(Ar, Q,DBy)
and ¥ = sel(¥', Ar)
implies
Vo € 2, (rID,p(Ql,, p), tre:Q, b1 (Qly, Tp1) == -+ 2 byp (Qlg, Tpp))o € Uivzl M;
implies
an D 55711 A SSTLZ R SS”N RC QCT’L D Sle R $C7TL2 A SC'ITLN
where Ssnz = <@Lg, l)Q7 F, DB[, (c;[,u_sne, equiSetZ, M[, Mpr(w[)
and S(tm/g = <@L[7 DQ, F, DB[, ge,u;mz, equiSetl, Tz, Tp'r'o’ug>.

Proof.
Assume that:
(1) an > Ssnl o Ssne .. 'San Re Qcm > 807111 .- 'Scme o Scm]\/7
where Ssny = (Qug, DQ, T, DBy, E¢, usne :: Usne, equiSet,, Mo, Mprovy)
and Scmg = <@Lg, DQ, F, DB[, gg, Ucmy 2 Z/[cmg, equiSetZ, T@, Tprmw)
(2) usne = trq:Q
(3) Vr € DQ,
r=rID p(Ql,, Tp) - q(Qly, Tq), b1(Qly, Tv1), - -+ , bn(Qly, o), - -
El = p(AT7 Q7 DBZ)
and X = sel(X', Ar)
implies
Vo € 3, (rID, p(Qly, ), tre:Q, br(Qly, Tp1) == -+ - =2 bn(Qly, Ton))o € UN, M,

By inversion on the rules that derive (1),
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Vi € [1, N], Son; = <@L¢, DQ, T, DB;, &, Usn;, equiSeti, M;, Mprovi>
Vi € [1, N], Semi = <@L,’, DQ, ', DB;, E,Uems, equiSeti, T, Tp'r'o’ui),
ga = F an Ru Qcm

Ep Vi€ [LN], TF UYL, Usni Ru Ui, Uem

57 o Z/[(th g Qcm U U‘:l Z/{(:mi

& =T, DQ,Un™ F |, Mi Ree Ui, T

85 o F, DQ, l/{cmF, Uiil Tl F Uiv=1 Mprovi Rprov Uivzl Tprovi

Case A: ucemy §ZZ/IcmF
By 557
(al) Vi € [L, N\, D F Y, Usni Ru |, Uemi and T F Usng Rug Uemg
By &, (al), &, &, and &,
The conclusion holds
Case B: Uemyp € Z/{cmF
By &s,
(b1) FruleEzec, s.t. DQ, Tt ueme & ruleEzecy
By (b1),
(b2) Ir € DQ s.t.
r=rID p(Qly,, Tp) - q(Qly, Zq),b1(QLy, Tp1), -+, bn(Qly, Tbr), - - -
and X' = p(Ar,Q,DBy)
and ¥ = sel(X', Ar)
and do € ¥, Jyl, s.t.
L= (rID,p(Qly, Tp), trq:Q, b1(QLg, Tp1) = -+ - 12 by (Qly, Ton))o ~r~aq yl,  TuleBzec,
Subcase I: ucm¢.createFlag = Create
By the assumption,
(i1) ruleExec, € Ui\il T,
(i2) yl, :: ruleEzec, C Uf\;l T,
Thus we can define
(i3) Uem™ 2 Qem U,_, , o Uemi Ulhem

By inversion on &, we have

(i4) T, DQ *F Uem™ o YT

(i5) T F Ui, M ma Uis, Tou "
By (i3) and (i4),

(i6) I, DQ + Uem™ & T where ruleEzec, ¢ T
By (i1), (i5), and (i6),

(7) T FUY, Mi~a UL, Tsu T

where ruleEzec, € Uivzl T, U TF

By (i6) and (i7),

(i8) T', DQ,Uen™ + N, Mi Ree UX, T:

By (i8) and &,
4 N N N
gé o F, DQ, Z/{cmF 7Ui:1 TZ F Ui:l Mpw“ovi Rprov Ui:l Tprovi

By &a, &s, (i8)7 Sé, 5!5
the conclusion follows
Subcase II: ucmy.createFlag = NCreate
We claim that ueme ¢ Uem® , a contradiction
This follows by definition of the relations that generate I' - uem™ 9= T, as
Yuem € Uem® | uem.createFlag = Create

Lemma 10 (fireRulesSN simulates fireRulesCM).
Qsn > Ssny -~ Ssng - - - Ssny Re Qem > Semy - - - Semg - - - Sempy
where Ssng = (Quy, DQ, T, DBy, Ep, usng :: Usne, equiSet,, Mg, Mprovy)
and Scmg = <@Lq, DQ, F7 DB[7 ge, Uemyg 2 Z/{;mz, equiSetb T@ Tp'rovg)
and DQ C DQ
and ﬁreRulesSN(@Lg, AD_Q, Usng, DB({, Mé) = (Z/[sn;-n,uksnlﬁzt, M%)
implies
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HZ/[cm/m, EZ/{cm/emt, 3T2 s.1.
fireRulesCM (@, ADQ, ueme, DBe, o) = Uemly, Uenlyy, T4)
and an > Ssn1 . Ssn? s SSTIN Rc Qcm > Scml e 8(:711? e 8(mN
where Ssnd = (Qug, DQ, T, DBy, Ec, (usng = Usng) 0 Usnly,, equiSet,, My, Mprovg)
and Scm? = <@Lq, DQ, F, DB@, gg, (Ucme N Z/{ng) ] ucm;n, equiSetZ, Tz, Tprove>.

Proof.

Assume that
(1) an > Ssnl e Ssnz < 'San Rc Qcm > Scm1 . 'Scmz . 'ScmN
where Ssne = <@Lq, DQ, F, DB[, gg, Usnyg :: u_sng, equiSete, Mz, Mproug)
and Scm[ = <@Lq7 DQ, F, 'DB(, 5@, Ucmy 2 u::mg, equz’Sete, Te, Tproud
(2) DQ C DQ
(3) fireRulesSN(Quy, ADQ, usne, DBy, My) = Usnl, Usnlyye, M)
By inversion on the rules for (1),
Vi € [1, N], Ssni = <@Li, DQ7 F, DBZ, gi, Z/[sni, eqm’Seti, Mi, Mprovi>
Vi € [17 N], Sem; = <@Li, DQ,T,DB;, &, Uems, equiSet“ T, Tprovi>7
Ea =T F an Ru Qcm
gﬁ nVie [1,N], 'k U].\LIZ/{srzi 'Ru Uiv:l Uem;
g'y o UCmF Q Qcm U LJ.:1 I/{cmi
E =T, DQ,Uen” - vazl M; Ree U, T
(C/’e o F, DQ, Z/{cmF, Ui\il Tl F va:J Mprovi Rprov va:l Tprovi.
We proceed by induction over |[ADQ).

Base Case: |[ADQ| = 0.
By assumption,
(b1) ADQ = ||
By (b1)
the last rule that derived (3) is SN-EmMPTY,
By inversion on SN-EMPTY
(b2) Z/{sn;" = H
(b3) Usniey = |]
(bd) M} = M,
Using CM-EMPTY we have
(b5) fireRulesCM (Quy, [], ueme, DBe, Te) = ({1, [], Te)
By (b2), (b3), (bd), and (1),
(b6) an o} U > Ssnl . 'Ssn? cee San Rc Qcm ¢} [] > Scml . 'Scm? o ‘Scm[\].
By (b5) and (b6),
the conclusion holds

Inductive Case: [ADQ| =k + 1.
By assumption
the last rule that derived (3) is SN-SEQ
By inversion we have
(i1) fireSingleRuleSN (@ue, Ar, usne, DBe, Me) = Usnin, Usnly, M)
(i2) fireRulesSN (Que, ADQ, wsne, DBe, M}) = (Usn,, UsnZy, M)
where ADQ = Ar :: ADQ
and usn;n = Z/lsn,%n o Z/lsn?n
and L{sn’m = usnim o usnzzt.
Since r € DQ, we apply fireSingleRuleSN simulates fireSingle RuleCM (Lemma to obtain:
(13) EIZ/{cm%n, aucmiu, E‘I% s.t.
fireSingleRuleCM (Qug, Ar, weme, DB, o) = Uemby, Uemby, T§)
and an o usni@t > Ssn1 e Ssn?l ce San Re Qcm ] ucmizt > Scml te Scm?l ce ScmN,
where Ssn(gl = <<@L[7 DQ, F, DB@, gg, Usnyg :: Z/lsng o Z/{snzln, equiSete, M}, Mprov4>
and Scm?l = (@Le, DQ, F, DB@, 5[, Uemyg 2 Uemg 0 Z/[cm}n, equiSete, Té, Tpro'ug)
Since |ﬁQ| =k and DQ C DQ, and using (i3) we apply the induction hypothesis to obtain
(i4) WUem?,, WemZ,, 3T s.t.
ﬁreRulesC’M(@Lg, ADAQ, Uemg , DB[, T}) = (Z/{cm?n, Z/[(:mzzt, Tz)

and an o I/{sniﬂrt o I/{sngn > Ssn]_ e 8571?2 tee SSTLN Re Qcm ] I/{sniﬂrt o Z/{cmgzt > Semy - Scm?2

where Ssn?2 = <<@L(7 DQ, F, DB[7 gz,g/[sng o Z/[szln o Z/{sn%“ equz’Setl, Mz, Mp'rovg)
and Scm?2 = <@Lg, DQ, F, DB[, g[, I/{cmg o Z/{cm}n o Z/[cm?-n, equiSete, Tz, Tproug>.
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By the above we apply CM-SEQ to obtain
(15) ﬁreRulesCM(@Lg, AD_Q7 Uemy, ’DBg, T[) = (Z/lcm%n o Z/{cm?n, Z/{cmizt o] Ucmim TZ)
where Ssn? e Ssn?2
and Scm? £ Scm?Q
By (i4) and (i5),
the conclusion holds.

Lemma 11 (fireSingleRuleSN simulates fireSingle RuleCM).
Osn > Ssni -+ Ssng -+ - Ssny Re Qem > Semy -+ - Semy - - - Semn
and r € DQ
and Ssne = (Qug, DQ, T, DBq, E, usng :: Usng, equiSet,, Mg, Mprov,)
and Sr:m[ = <@Lq, DQ, F, DB@, (C/‘e, Uemyg 2 Z/{;me, equiSetZ, Te, Tprovg)
and fireSingleRuleSN (Qug, Ar, usne, DB, My) = Usnd,, Usnyy, M?)
implies
EZ/{zzm?n, EZ/[(:m?zt, ET? s.t
fireSingleRule CM (Qug, Ar, ueme, DBe, o) = UemSy,UemSyy, 1)
and an o Z/{sn?wt > Ssn1 ce Ssn? e San Rc Qcm ] ucmgvt > Scm1 ce Scm? ce ScmN,
where Ssn? = <@Lq7 DQ, F, ’DB(, 5@, (USng o Z/{_sn(g) o Z/lsn?n, equiSetg, M?, Mprovg)
and S(:m? = <@Lq, DQ, F, DB[, gg, (’LL(:me o Z/[;mg) o U(:mian, equz’Sete, T?, Tprov[>.

Proof.
Assume
(1) an > Ssnl cee Ssnz o 'San Rc Qcm > Scm1 . ‘Scmz . 'ScmN
(2) re DQ
(3) Ssng = <@Lq, DQ, F, DB@, ge, Usng % Z/[.sne, equiSetz, Mz, Mp’rovg)
(4) Scme = <@Lq7 DQ, F7 'Z)B(7 gg, Ucemy 2 Z/{;mz, equiSete, Te7 Tprovg>
(5) fireSingleRuleSN (Qug, Ar, wsng, DBy, My) = (Usny, Usnyy, M?)
By inversion on the rules that derive (1),
Vi € [1, N], Ssni = <@Li, DQ7 F, DBZ, gi, Z/lsni, eqm’Seti, Mi, Mpr(mi)
Vi € [17 N], Sem; = <@Li, DQ,T,DB;, &, Ucems, equiSet“ T, Tprovi>7
ga =T F an Ru Qum
gﬁ nVie [1, N]\f, 'k Uﬁilusni Ru Ui\l:l Uem;
g’y o UCmF C Qcm U UN Z/{(‘ml
E =T, DQ,Uen” + va M; Ree UL,
5 o F DQ, Z/{(m ,U =1 T F Uz 1 ./\/lprovZ prov U Tprovz
By examining the rules for fireSingleRuleSN, the last rule that derived (5) was SM-FIReSINGLE. By inversion we have:
(6) Ar = rID Ap(Qlp, Zp) - Aq(Qlg, Zq),b1(Qlg, Tp1),- -+ , bn(Qlg, Ton), - - -
(7) usne = trq:q(Quq, 71)
(8) ¥ = p(Ar, Q(@Lq:tq) DBe)
(9) = = sel(Z, Ar)
(10) derivationSN(Qiy, ¥, Ar, DBe, My) = Usnd,, Usnyy, M?)
Given ¥ C ¥ = sel(X, Ar), using the above, we apply derivationSN simulates compressionCM (Lemma to obtain:
(11) HZ/{cm;n, HZ/[cmlem, HTZ s.t.
compressionCM (Qug, 2, Ar, ueme, To) = (Uem%y,Uem,y, 1)
and an [¢] us”,eact > Ssn1 e Ssnlg s San Rc Qcm [¢] UCmIem > Scml e Scmz e ScmN
By the above we apply CM-FIRESINGLE to obtain
(12) fireSingleRuleCM (Qug, A7, ueme, DBe, To) = (UL, Uy, TT)
By (11) and (12)
the conclusion holds

Lemma 12 (derivationSN simulates compressionCM).

QSTL D SSTLl, tt 78571[7 A 7$S7LN Rc QCTﬂ > SC7TL17 A ,Scmg, A ,Scm[\]
where Ssng = (Qug, DQ, T, DBq, Eg, usng :: Usng, equiSet,, Mg, Mprov,)
and S(:mg = <@Lq7 DQ, F, DB({, ge, Ucmy 2 u:'m[, equiSet[, T[, T[ﬂ'm:g}

and r € DQ

and usne = trq:q(Qug, Ty)

and & = p(Ar, q(Que, t,), DBe)

and ¥ C sel(Z, Ar)

derivationSN (Qu, 3, Ar, usng, Mg) = Usn,, UsnSyy, M?)
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implies
TUem?,, IUmS,,, 3TY s.t.
compressionCM (Qug, ¥, AT, weme, To) = UemSy, Uem,y, T)
and an Ou'sngm > Ssnh te ,Ssn?, e 7Ssn}\] Re Qcm OZ/{cm(z@t > Scml, te 780771?, ce 7Scm]\/
where Ssn? = <@Le, DQ, F, DB[, ge, (Usng o Z/[sng) o Z/{sn?n, equiSetZ, M?, Mp'rovg>
and Scm? = <@Lg, DQ7 F, DB[, 5{, (Ucmg B L{ng) o Z/[cm?n, equiSete, T?, Tpmue> .

Proof.
Assume that
(1) an > Ssnl s Ssne e San Rc Qcm > Scml e Scm(g e ScmN
where Ssne = (Qug, DQ, T, DBy, E, usne :: Usng, equiSet,, Mg, Mprovy)
and Scme = <@Lq, DQ, F, DB[, gg, Uemyg 2 Z/[j:mz, equiSete, Tz, T;m‘u'ug>
(2) r € DQ
(3) usng = trq:q(Qre, ty)
(4) = = p(Ar,q(Que, 1,), DBy)
(5) X C sel(Z, Ar)
(6) derivationSN(Qr, 2, Ar, usng, My) = Usndy, Usnyy, MT)
We proceed by induction over the length of .

Base Case: |X| = 0.
By assumption,
(b)) T =
We apply CM-CoMPRESS-EMPTY to obtain:
(b2) compressionCM (Quy, [], Ar, ueme, Ye) = ([], [], L)
where T) = T,
Using the above we define
(b3) L{cmm =
(b4) UemZ, 2 ]
(b5) T2 2 n
(b6) SW 2 (Que, DQ, T, DBy, Ec, usng :: Usne, equiSet,, My, Mprov)
(b?) Scm,g = <@Lg, DQ, F, DB@, 5[, Ucmy 2 u;mg, equiSete, T%, Tp7'uve>.
By the above,
(b8) Qsn o Z/lsn?zt > Ssny - Ssn,? -+ Ssny = Qsn>Ssny - Ssnp - - Ssnn
(bg) Qcm e} ucmgm > S(zml e Scme e Scm]\] = Q(:m > Scml s Scm? s ScmN
By the above constructs,
(blO) an o Z/[s"?zt > Ssn1 e Ss’n,? o San Rc Qum o} Z/{cmgzt > Sr:m1 e Sum([? s ScmN
By (b2) and (b10),
the conclusion holds

Inductive Case: |X| =k + 1.
By assumption,
(i1) The last transition rule that derived derivationSN(Qu, X, Ar, usng, My) = Usnd,, Usnys, MZ) was SN-SuBsT
By inversion on SN-SUBST,
(i2) 3o, I st. T=0 =5
(i3) IWsni,, Wsn?,, Wsntyy, WsnZe,, IM s.t.
singleDerivSN (Que, 0, Ar, usng, Mg) = Usniy, Usnize, M})
and derivationSN(Qug, 33, Ar, usng, M}) = Usn2,, Usn? 4z, MO
We apply singleDerivSN simulates singleCompressionCM (Lemma ) to obtain that
(14) Hucm}n, HUCTniwt, HT% s.t.
singleCompressionCM (Qug, o, AT, weme, Yo) = Uemi,, Uem’lyy, T3)
and an o] Z/{sn/ezt > Ssny - 8571?1 - Ssnnv Rc Qcm o Umn/ezt > Semy - - St:m?l - Semn
where Ssn?l = <@Lq, DQ, F, DB[, 5(, (U/S’!L[ o u:n[) ] M.s‘nzln, equz’Sete, M%, Mm'o’ug)
and Scm?l = <@Lq, DQ, F, DB[, gg, (UCme b u;mg) o Z/{cmlln, equiSete, T%, Tprovg)
Since ¥ =0 :: 3 and || = k + 1, thus [3] = k.
Using the above constructs we apply I.H. to find that
(15) HZ/[cm?-n, ElZ/{cm?xt, EIT? s.t.
COWpT@SSiOnCM(@Lg, i, A’f’, Uemg, T%) = (ucm?n, Z/{cmgzt, T?)
and an o Z/{sném o Z/{anem > Ssnl e Ssne te San Re Qcm (o] Z/{cmézt o Z/{cmzxt > Scml ce Scm? ce ScmN
where Ssn? = <@Lg, DQ, F, DBE, ge, (Usnz o I/[sn[) o Z/[sn%" o USTL%,,L, equiSete, M?, Mprovg>
and Scm? = <(@L[7 DQ, F, 'DBe, 5@, (UCmg o u_cm[) o) Z/{cm,}n o Z/lcm?n, eqm’Setg, T?, Tpmvz>
Applying CM-SUBST we have
(i6) derivationSN(Qiy, ¥, Ar, ueme, To) = Uemd,, UenZyy, T)
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where S =0 1 3
and Z/lcm?n = uanzln o uan?;n
a'nd u(lﬂ’l,?zt = Z/{(:T”izt o u(”’l’il‘t
By (i5) and (i6)
The conclusion holds.

Lemma 13 (singleDerivSN simulates singleCompressionCM.).
an > Ssnp - Ss’n,g - Ssnn Rc Qcm > Semy - - S(:mg cee ScmN,
where Ssn@ = <©)L[7 DQ, F, DB[, S@, Usng % Z/[sng, equiSetZ, Mz, Mm'm:g)
and Semg = (Qrg, DQ, T, DBe, Ep, uemy :: Ueme, equiSet,, Yo, Tprovy)
and r € DQ
and ¥ = p(Ar, q(Qug, ), DBy)
and o € sel(%, Ar)
and singleDerivSN (Qug, o, AT, usne, Mg) = Usnl,, UsnZ,, M?)
implies
EIU{:TrL?n, ElZ/[(:m?zt, HT? s.t.
singleCompressionCM (Qug, o, AT, ueme, Yo) = (UemS,,Uen,y, T))
and an OZ/{sn(Zu > Ssn1 . Ssn? . 'Ssn]\] Rc Qcm OUCWL?M > Scm1 . 'Scm? . 'ScmN
where Ssn? = <@Lq, DQ, F, DB(, g@, (’U,sng N Z/{_sng) ] Z/lsn?n, equiSetL,, Mé, Mp7'0vg>
and Scm? = <@Lq, DQ, F, DB[, Sg, (’Ux:me o Z/[?:m,g) o Z/lcm?n, equz’Setz, T%, Tp?’m)e>.

Proof.

Assume the following:
(1) an > Ssnp--- Ssne -+ - Ssnn Re Qcm >Semy .- S(:me o S(JmN,
where Ssng = (Quy, DQ,T', DBy, Er, usne :: Usne, equiSet,, Mg, Mprovy)
and S(’,me = <@Lq, DQ, P, DB[, 8@7 Uemy @2 Z/{;mg, equiSete, Tg, Tprovg)
(2) re DQ
(3)¥= p(A_Ta q(Qugq, F@)v DBe)
(4) o € sel(3, Ar)
(5) singleDerivSN (Qug, o, Ar, usng, M) = Usn5y, Usnlype, M7)

Then by inversion on the rules for Qsn > Ssny -+ Ssng - - - Ssny Re Qem > Sema « - - Semy « - - Sempy, we have
Vi € [1, N], Ssni = <@Li, DQ, ', DB;, &, Usni, equz’Seti, M, ./\/l[)'r'o’::i)
Vi € [1, N], Semi = <@Li, DQ,T,DB;, &, Uemi, equiSet,;, Ts, Tprovi),
ga = I'E an Ru Qcm
EpuVie [I,N], '+ U]\Ll Usni Ru Ui\r:1 Ucem;
57 . Z/{cmF g Qcm U LJ.:1 I/{cmi
& T, DQUan” F Uy, Mi Ree U, Ti
56 o F, DQ, Z/{cmF, UiV:I Tl I Uf\;l Mprovi Rprov vazl Tprovi.

By inversion on the rules for £s, we have
&1 :0,DQF Qem UL Uemi ~ YT
EuTrHUL, Mima Uy, TiUTE.

Case I: I'(q)[tuple] = event.
The last transition rule that derived (5) was SN-SINGLESUBSsT, thus by inversion we have:
1) Ar = rID Ap(@fy, Zp) - Aq(Qly, Tq),b1(Qlg, Tp1), -+, bn(Qly, Tpn), - - -
Usne = q(@Lq, 2?;‘{) .
q(Qlg, q)o = q(Quiq, tq)
I'(q)[type] = event
dom(o) = £, Ui, ULy Ui UL, Fos
try = (1D, p(QLy, Zp)o, ¢(Qig, tq), b1 (Qly, Tp1))o 2 - -+ 12 by (Qly, Tppn)o)
usny = trp:p(Ql,, Tp)o
if (a(@ép) = @Lq) then I/{sn;n = [Usn/g],u(m/czt = [] else Z/[sn;-n = H,u:m/ﬁzt = [’I,Lsn,/g]
) My = MU trypip(QL,, Bp)o

Subcase A: ucmg.createFlag = Create.
By &£z we have
(al) '+ Usny ~Yq Ucmy
By assumption,
(a2) the last rule the derived (al) was U-BASE
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By the above and inversion we have:
(a3) heq = EQUIHASH(q(Qtq,1,),T")
(a4) eID = TuPLEHASH(g(Q1q, Ty),T)

Using the above constructs we define the following:
(ab) Vi € [1, n} vID; & hash( i (Qly, Tpi)o)
(ab) ruleargs 2 9ID i 1g 2 vIDy it -+ i vID,

(a7) HrIDp < hash(ruleargs )

(a8) Ag = id(0, 0, hegq)

(a9) A\p = |d(@Lq,H:rIDp7 heq)

(a10) ruleExecp £ (\p, ruleargs, Aq)

(all) qug ( (@f,, Zp)o, Create, eID, \p).

(al ) ( ( ) @Lq) then (Z/{cmm é [Uun,z] and u‘”"gzt = H) else (Z/{cm?n = [] and U«m?zt = [Ucmz])

(al3) Y, = Y¢ U ruleEzecy

1
2

We use the above constructs to apply CM-CREATE to obtain
(ald) singleCompressionCM (Quq, o, AT, teme, Ty) = (Uem%y,Uemyy, T4)

By definition of the constructs above we have
'+ Usné ~au UCmZ

By &» and the above,
(314) 't an o usn?n Ru Qcm o ucm?n

By & and (al4),

(315) VZ S [1, N]\& 'k Ui\lzl u,s‘ni U ((’l,l,s'n,e US'ne) o I/{snln) Ru U U{:mi U ((’I,L(zm,g o Z/[Zmz) o Z/{(:m?n)

i=1,i#L
By definition ruleEzec, we have
I'F trp ~q ruleEzecy,
By &s and the above,
(a16) T, DQ,Uen™ = U7, Ly M UM, Ree Up L, Ti U TS
Using (al4), (alb), &, (al6), and &, we have
(317) an (] usn?mt > Ssnl tee Ssn? e San Rc Qcm o I/{cm/em > Scml e Scm? s Scm]\]

By (al4) and (al7),
the conclusion holds

Subase B: ucm.createFlag = NCreate.
By &£z we have
(al) 'k Usng ~qy Ucmy
By assumption,
(a2) the last rule the derived (al) was U-BASE
By the above and inversion we have:
(a3) heq = EQUIHASH(q(Qtq, 1,),T")
(a4) eID = TuPLEHASH(g(Qtq, Ty),T)

We define the following:
(ab) Vi € [1, n} vID; £ hash(bi(@fe,fbi)a)

(ab) ruleargs 2 9ID i1 2 vIDy i -+ i vID,

(a7) HrIDp < hash(ruleargs )

(a9) A\p = ld(@Lq,HrIDp, heq)

(al0) ruleE:Eecp £ (A, ruleargs,,id(D, 0, heq))

(all) U(‘me <p(@Zp,mp)a NCreate, eID, \p).

(a12) ( ( ) @Lq) then (UCmm = [’LLcm[] and Z/[cm(zm = H) else (UCm?" = [] and Z/[cmgm = [’LLcmZ])
(al3) Ty = T,

Using the above definitions we apply CM-NCREATE to obtain
(al4) singleCompressionCM (Qug, o, At teme, Yo) = Uem,, UemZyy, Tp)

By definition of the constructs above we have

'k ’u,sn,é ~au ’U,(:m%
By £, and the above,
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(315) I'+ an o Z/{sn?n Ru Qcm o Z/{cm?n
By &£s and the above,

(316) Vi S [1, N]\& I+ U’f\;l Z/[sn,i U ((Usne Z/{sne) o I/{snm) Ru U Z/{umi U ((Ur:mg o U?:me) o Z/{um?n)

1=1,i#L

If ruleEzec, € Y-
By assumption,

T, =",
Since T' & trp : p(Qup, t,) ~a ruleBrecy, by £ and the assumption that ruleErec, € T¢, therefore
My =M,

By the above we have

(a17) T, DQ,Uen® F | M UM Ree UL, T

1=1,i#£L
If ruleEzec, & Y-
By examining the rules,
rule CM-INIT-EVENT was fired in the past
H’u,cmg (S Z/[cmg s.t. ’U/cmg = Ucmy [createFIag — C’reate]
By construction,
Tk uemly 9 ruleEzecy, uemy|createFlag — Create]
By the above and &5 thus
(318) F DQ, Z/lcm U ’U,cm; F U

N
i= 11¢2MiUM2 Rre Ui:lT
By (alb), (al6) &y, (al7) or (al8), and &, we have
(318) an o} USnCZZt > Ssnl s Ssn? e San Rc Qcm o Z/Icm;zt > Scml e Scm? e ScmN.

By (al4) and (al8),
The conclusion follows.

Case II: I'(g)[tuple] = fast or I'(q)[tuple] = interest.
The last transition rule that derived (5) was SN-SINGLESUBST, thus by inversion we have:
) Ar = rID Ap(@ty, F,) - Aq(@ly, 7). by (@lo,Fn). - bl Fon), -

(1
(2) ’
(3) (@&1756)0 = q(Qug, tq)

(4) either I'(q)[type] = fast or I'(q)[type] = interest
(5) dom(a) = £, Ui, Uly UZg UL | s

(6) trp = (rID, p(Qlp, Tp)o, trq:q(Quq, F) b1(Qly, Tp1))o 2 -+ 22 bn(Qlg, Tpn)o)
(7) usny = trp:p(Qly, Tp)o

( ) if (J(@Zp) = @Lq) then Z/[sn,/m = [USnZ],Z/[sn;wt = [] else Z/[sn,/m = H,Z/[sn;wt = [’U/snﬂ
(9) My = Mo U trp:p(Ql,, Tp)o

Subcase A: ucmg.createFlag = Create.
By &g we have
(al) '+ Usny ~Yq Ucmy
By assumption,
(a2) the last rule the derived (al) was u-IND
By the above and inversion we have:
(a3) T F trq:q(Qug, ty) ~u (q(Quq, 1), createFlag, eID, \,)

We define the following:
(ad) Vi € [1, n} vID; & TUPLEHASH(bi(@éq,fbi)U, r)
(ab) ruleargs 2 pID i1 2 vIDy i -+ i vID,
(a6) heq £ EQUIHASH( (@Lq,fq), I
(a7) HrIDp = hash(ruleargs )
(a6) by = hash(/\ )

(a7) Ap = Id(@Lq,HrIDp,b )

(a8) ruleEmecp = (Ap, ruleargs, \q)

(a9) Ucmz £ (p(Q¢,, Zp)o, Create, €ID, Ap).

( O) ( (@E ) @Lq) then (Z/{um?n £ [Ucmﬂ and Z/{cm?ﬂ e H) else (Z/[cm?n e [] and U(:m(zzt L [Ucm%])

(all) Y, = Y¢ U ruleEzecy

a
a

We apply CM-CREATE to obtain
(a12) singleCompressionCM (@, o, AT, temy, To) = UemS,y, Uem®yy, T).
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By (a3) the definition of the constructs we have
(a13) '+ USTIQ ~ay ’U/cmé

By &, the definitions of Usn%,, and Uem?,,
(a14) '+ an (o) Z/{sng;t Ru Qcm o UCmgl.t

By &£ and the above
(alb) Vi € [1, N], FI—U

Z/[sni U ((U‘Gng u"ng) o U5nln) Ru U U(Jmi U ((U(zmz o Z/{;mg) o Z/[cmian)

i=1,i#£L i=1,i#£L

By examining the transition rules for Semi-Naive Evaluation and since I'(q)[type] = fast we have
trq € My

By &5 and (al5) and since createFlag = Create,
Iyl, C UL, Mist. Tk trg ~a yl,

By definition of tr, and ruleExec, and the above,
Tk trp ~a yl, = ruleEzecy

By the above and &s and since ruleEzec, € T},

(a16) T, DQ,Uen™ + | M UM, Ree Y U

i=1,i#L 1= lz;ﬁé

By (al4), (alb), &y, (al6), and &, we have
(317) an o Z/{Sn?mt > Ssnl s Ssn? e San Rc Qcm o I/{cm/em > Scml e Scm? s Scm,]\]

By (al3) and (al7),
The conclusion follows
Subcase B: ucmy.createFlag = NCreate.
By &3 we have
(al) 'k Usng ~q Ucmy
By assumption,
(a2) the last rule the derived (al) was v-IND
By the above and inversion we have:
(a3) T'F try : q(Qug,Ty) ~u (q(Qug, ty), createFlag, eID, A,)

We define
(ad) Vi € [1, n} vID; £ TUPLEHASH(bi(@éq,:E’bi)cr, I
(ab) ruleargs L 7ID 1y vIDy it oo - 2 vID,
(a6) HrIDp = hash(Tuleargs )
(a7) b, 2 hash()\ )
(a8) \p = ld(@Lq,HrIDp,b )
(a9) ruleExecp = (Ap, ruleargs,, \q)
(al0) ucmg 2 (p(QL,, Tp)o, Create, eID, Ap).
( 1) ( (@Z ) @Lq) then (Umnm [u«:m[] and Z/[cm?ﬂ = H) else (U(’m?n = [] and Z/[cmczzt = [u«:mz])
(al2) Y;, =T,

Using the above and CM-NCREATE we obtain
(a13) singleCompressionCM (@, o, AT, ueme, To) = (UemS,, Uemyy, T7).

a
a

If yl, CUN, Ta:
Case i: ruleErec, € Ty
By &s

(a14) D, DQ,Uen™ = UL,y Mi UM Ree Ui, T

By definition of ruleEzec,
DQ,T F uem % ruleExec,, uem’[createFlag — Create]
By the above and &;

(a15) F DQ,Urm UU(mZ = U Mz @] M; Rre Uiv:l T

i=1,i#L

If yl, g Uivzl Ti:
In this case not all of yl, has been fully derived yet.
Therefore there is some update already in the set of updates in the network that will eventually generate all of yl,

By the Semi-naive transition rules
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trq € My
By the above and &s,
Ik trg ~a yl, = ruleEzecy
Thus given &1 and &
Juem” € Uen™ , Iyl 4, Tyl s.t.
uem” .createFlag = Create
and yl, =yl o ylp
and DQ,T' F uem” & ylg
and yl, C Uil T;
By definition of ruleEzec,,
DQ,T + ueme = ruleEzecy, uemy[createFlag — Create]
By the above constructs
DQ, T F uem” & ylg :: ruleExecy
Given that I' & try, ~q4 yl, :: ruleEzec, and the above and &s,
(a16) T, DQ,Uen” Y,y Mi UM} Ree UY, T

By &, (al3), &4, (ald)/(alb)/(al6), and &, we have

(317) an (] usn?mt > Ssnl e Ssn? e Ssn]\] Rc Qcm o I/{cm/em > Scml e Scm? s Scm]\]

By (al3) and (al7),
The conclusion follows

Lemma 14 (Each update that does not create rule provenances has a counterpart).
an > Ssnl s Ssne cee San Rc Qcm > Scml cee Sc’mg cee ScmN,
where Ssng = (Qug, DQ, T, DBy, Eo, usng :: Usne, equiSet,, Mg, Mprov,)
and Scmg = <@Le, DQ, F, DBg, g@, Ucemy 2 Z/l_cme, equiSete, Te, Tprovg)
and uemg.createFlag = NCreate
and usng = trp:P
and I' b trp:P ~q yl,
and tail(yl,) & vazl T,
implies
E’U,cmz (S Qum @] Uivzl Ucemyg s.t.
DQ,T & uemy & yly, where yl, = _ o yl”

Proof. By inversion over the rule that last derived uems

Case A: CM-IniT-EVENT was the last rule that derived ucmy.
By inversion on rule SN-INIT-EVENT and since createFlag = NCreate
(al) heq € equiSet,, where heq = EQUIHASH(ev, I")
By (al),
(a2) previously SN-INIT-EVENT was fired to create some usn” s.t.
usny = usn¢[createFlag — NCreate]

N
and U,snz € Qem U Ui:l Uems

Case B: CM-RULEFIRE-INTM was the last rule that derived ucmy.
By the rule and given I' & trp:P ~q yl,
(bl) yl, = __ :: ruleBzecy :: ruleEzecy

If ruleExecq € UZI\LI T;:

The last transition rule that derived ruleEzec, also generated wusn¢[createFlag — Create]

where usng[createFlag — Create] € Uf\;l T,
By the above,
D@t usng[createFlag — Create] & ruleEzecy

If ruleEzecy ¢ Ufil T;:
By I.H. there is some usn”
where usn”.createFlag = Create
and DQF usn” & i ruleEzecy

and _ :: ruleEzecq C ylp
By the above
DQF usn” & _ :: ruleEzecq :: ruleEzec, as required
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Case C: CM-RULEFIRE-INTEREST was the last rule that derived wucme.

Because this rule never derives a new rule provenance no matter what the value of createFlag is, the lemma vacuously
holds.

O

G.1.3 Online compression execution simulates semi-naive evaluation

We show that online compression xecution simulates semi-naive evaluation. To do so, for each set of transition rules for
Online Compression execution, we state and prove a lemma that shows that these rules have a corresponding counterpart
in Semi-Naive evaluation. If initially the network configuration for both systems relate, after Online Compression execution
steps to a new configuration, then Semi-Naive evaluation is also able to step to a corresponding new configuration.

We present the necessary lemmas below, but omit most of the proof details as they are similar to those presented in
Appendix Only the proof of singleCompressionCM simulates singleDerivSN (Lemma [21)) is explained in detail as this
is the key lemma that handles the updates of rule provenances. This lemma shows that given that the network configuration
for both systems relate (Csn Re Cem), singleCompressionCM (Quq, o, Ar, uemg, T¢) takes in an update ucm¢ for tuple g, a rule
r in the program DQ, a substitution o for r, and returns a new update ucm; and increments the set of rule provenances.
As with singleDerivSN simulates singleCompressionCM (Lemma, the proof is rather complicated due to potential out of
order executions. We explain the steps at a high level below. To prove this lemma, there are several cases to consider:

Case I: ucmy represents a tuple that is an instance of the input event relation.

Subcase A: ucmg.createFlag = Create.

By assumption, the last transition rule execute by the Online Compression execution was CM-CREATE. Given
Csn Re Cem and the above, we deduce the constructs for Semi-Naive evaluation used to execute the corresponding
transition rule SN-SINGLESUBST-EVENT. Because only one rule in D@ has been fired so far, it is easy to relate the new
rule provenance and new update for both systems.

Subcase B: ucmy.createFlag = NCreate.

By assumption, the last transition rule execute by the Online Compression execution was CM-NCREATE. Given
Csn Re Cem and the above, we deduce the constructs for Semi-Naive evaluation used to execute the corresponding
transition rule SN-SINGLESUBST-EVENT. Because only one rule in D@ has been fired so far, it is easy to relate the new
updates for both systems.

However, showing that the rule provenances relate is more involved provenance for Online Compression are not
stored in this execution. There are two cases to consider. (1) There are no additions to the set of rule provenances
for Online Compression execution as they have already been created and stored by past updates. In this case it
is obvious that the set of rule provenances relate. (2) The rule provenance for Online Compression execution has
not yet been created, by the corresponding provenance tree for Semi-Naive evaluation is created and stored. By
examining the rules for Online Compression execution, there is an enqueued update that will eventually create the
required rule provenance.

Case II: ucm, represents a tuple that is an instance of a fast-changing relation or a relation of interest.

Subcase A: ucmy.createFlag = Create.

Similar argument to Case I, Subcase A, except that we additionally need to use the fact that ucm, relates to usny,
and that usne represents a provenance tree that is stored in the set of rule provenances in Csn to show that the new
update and rule provenance derived again relate.

Subcase B: ucmy.createFlag = NCreate.

Simmilar argument to Case I, Subcase B. Also uses the fact that uemg relates to wsne, and that usne represents a

provenance tree that is stored in the set of rule provenances in Csn.

Lemma 15 (Multi-step transition: online compression simulates semi-naive).
Vk €N,
0 1 k
Cinit = gn Cinit =5y -+ —>on Cempi1
implies
Elen]H_l s.t.
0 1 k
Cinit — SN Cinit —SN " 7SN C.s‘nkJrl
and Ccmk+1 Rc Csnk+1.

Proof. By induction over k and using Single-step transition: online compression simulates semi-naive (Lemma . O

Lemma 16 (Single-step transition: online compression simulates semi-naive).
Csn Rc Cem
and Cem /‘CM Cen!
implies
HCsn/ s.t.
Csn — 5N Csn/
and lel Rc Ccm/.
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Proof. By inversion on rules for Cem ¢y Cem’ using Single-step transition per node: online compression simulates semi-naive
(Lemma , and applying the rules for Ctem o Ctem'. O

Lemma 17 (Single-step transition per node: online compression simulates semi-naive).
an > Ssnl s Ssne s San Rc Qcm > Scml, s ,Scm[, s ,ScmN
and Semp — Scmz, Z/lcm/ezt
implies
Hu:m;‘zt,as(snz s.1.
Ssng — Ssné,lx{snlem
and an o Z/[sn/czt > Ssny - Ssn% - Sonn Re Qcm o I/{cm/cmt > Semq - - Scm/[ -+ Semn.

Proof. By inversion on rules for Semy < Semy,Ueml,,, using fireRulesCM simulates fireRulesSN (Lemma , and applying
the rules for Ssny < Ssnjy, Usnlpy. O

Lemma 18 (fireRulesCM simulates fireRulesSN).
Osn > Ssni -+ Ssng -+ - Ssny Re Qem > Semq -+ - Semy - - - Semn
where Ssnp = <@Lq, l)Q7 F, DB[, 5[, Usng 1% Z/[sn[, equiSetg, M[, Mp'rzwg>
and Scmg = <@Lq, DQ, F, DB[, ge, Uemy 2 Z/{cm[, equiS’etb T[7 Tprovg)
and DQ C DQ
and fireRulesCM (Quq, ADQ, ueme, DBe, Y¢) = (Uemlyy, Uemlsyy, T))
implies
ausn;n, 3[/{371;“, EMZ s.1.
fireRulesSN (Quy, ADQ, usng, DBe, Me) = Usnly,, Usnlyp, M)
and an o Z/{s'n,lezt > Ssny - Ssn? - Ssnn Rc Qcm ] Z/{cm/ezt > Semy - - Sr:m? <o Semn
where Ssn,? = <@Lq, DQ, F, DB@, g[, Z/[en( o Z/[sn;n, equiSete, Mz, Mprovg)
and Scm? = <@Lq, DQ, F, DBZ7 gg, Z/{ng o Z/[cm;n, equiSete, Tz, Tprovg>.

Proof. By induction over length of DQ, inversion on the rules for fireRulesCM (Quq, ADQ, teme, DB, Yo) = Uemlyy,Uemlyyy, T}),
using fireSingleRuleCM simulates fireSingleRuleSN (Lemma , and applying the rules for fireRulesSN. O

Lemma 19 (fireSingleRuleCM simulates fireSingleRuleSN).
Osn > Ssni -+ Ssng -+ - Ssny Re Qem > Semq -+ - Semy - - - Semy
where Ssn@ = <@Lq, DQ, F, DB@, 5[, Usng % Z/{Sn[, equiSetl, M[, Mp7'uug>
and Scmg = <@Lq, DQ, F, 'DBE, ge, Ucemy 2 UCmg, equiSet[, T[,, Tpmvg>
and r € DQ
and fireSingleRuleCM (Quq, Ar, ucme, DB, Ti) = Uemby,, Uemlys, Ty)
implies
Elz/{snén, Eluks‘n/ﬁzt, HM/g s.1.
fireSingleRuleSN (Quq, A7, usng, DBe, Me) = (Usnlp, Usnlyzy, M)
and an o us"i:zt > Ssny - Ssn? -~ Ssnn Rc Qcm o Z/lcm;zt > Semy - Scma - Semn
where Ssn? = <@Lq, DQ, F, DB@, gz, Z/{sn[ o Z/[sn;n, equz’SetZ, M%, Mpr'ovg)
and Scm? = <@Lq, DQ, F7 'Z)Bz7 gg, Uemg © Z/{cm;n, equiSetZ, T%, Tprovg>.

Proof. By inversion on the rules for fireSingleRuleCM (Quq, Ar, ueme, DBe, Yo) = (Uemy, Uemngy, T4), using compressionCM
simulates derivationSN (Lemma , and applying the rules for fireSingleRuleSN. O

Lemma 20 (compressionCM simulates derivationSN).
an > Ssn1 s Ssne cee San Rc Qcm > Scml cee Scmg cee ,ScmN
where Ssng = (Quq, DQ, T, DBy, Ep, usng :: Usng, equiSet,, Mo, Mprovy)
and Scmg = <@Lq, DQ, F, DB@, ge, Ucemy 2 UCmg, equiSet,_;, Te, Tpmvg)
and r € DQ
and ¥ = p(Ar, q(Quq, t,), DBy)
and ' C sel(3, Ar)
and COW])T@SS?:OTLCM(@LQ, Z/, A’f‘, Uemg, Tz) = (UI:m;-n, Z/{z:m/czt, T;)
implies
EIZ/{sn;n, 3[/{snlmt, EMZ s.1.
and derivationSN (Qug, Y, Ar, usng, Myg) = Usnly, Usntgy, My)
and an ] Z/[sn/ezt > Ssny - Ssn? - Sonn Re Qcm ] Z/{cm/mt > Sum1, e Scm? e ,ScmN
where Ssn? = <@Lq, [)Q7 F7 Z)B[7 €z7 Usng o Uém;;n, equiSetZ, Mz, Mprovg)
and Scm? = <@Lq, DQ, F, DB[, gg, Uemg © Z/[cm;-n, equiSete, TZ, Tprovg).

Proof. By induction on the length of &', inversion on the rules for compressionCM (Quy, X', A7, ueme, Yo) = (Uemly, Uemlogy, T7),
using singleCompressionCM simulates singleDerivSN (Lemma , and applying the rules for derivationSN.
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Lemma 21 (singleCompressionCM simulates singleDerivSN).
an > Ssn1 cee Ssnz o Ssn,N Rc Qem > Scml cee 8(:711@ s ScmN
where Ssng = (Quy, DQ, T, DBy, Ep, usng :: Usne, equiSet,, Mg, Mprovy)
and Scmg = <@Lq, DQ, F, DB[, gz, Uemy 2 Z/[cm[, equiS’etb T[, Tprovg)
andr € DQ
and ¥ = p(Ar, q(Qug, ty), DBy)
and &' € sel(Z, Ar)
and o € ¥’
and singleCompressionCM (Qurq, o, A1, ueme, Yo) = (Uemly, Uemipyy, 1)
implies
E'Z/lsnfm, E'Z/{sn/ewt, E|M2 s.t.
singleDerivSN (Quq, o, Ar, usne, My) = Usniy, Usnipgs, My)

and Qsn OUsn’ezt > Seng - 'Ssn? -+ Ssny Re Qem oL{cm’m > Semy -

* SC'ITL? i

. ScmN

where Ssn? = <(@Lq7 DQ, F, DB(, (‘:g, (USng o Ii{_sng) o Z/lsn;n, equiSetlg, MZ, Mpnwg>
and Scm? = <@Lq, DQ, F, DB[, Sg, (’(Lmn,e o Z/[(:mg) o Z/[cm;n, equiSete, T%, Tprm)e>.

Proof.

Assume that
(1) an > Ssny - Ssne -+ Ssny Rc Qcm > §0m1 s Scmg - Sempn
where Ssny = <@Lq, DQ, F, DB@, gg, Usnyg :: Z/[snz, equiSet[, M[, Mpv'ow)
and S(Jm[ = <@Lq, DQ, F, DB[, 5@, Ucemy Z/{;mg, equz’Sete, Tg, Tprovg)
(2) r e DQ
(3) £ = p(Ar, q(Q1, ), DBa)
(4) ' € sel(Z, Ar)
(5)oc ey
(6) singleCompressionCM (Quq, o, Ar,ucme, To) = (Uemiy, Uemlpzy, L)

By inversion on the rules for Qsn > Ssn1 -+ Ssne -+ - Ssny Re Qem > Semy - -

Vi € [1, N],Ssni = (Qui, DQ, T, DB;, £, Usni, equiSet,;, M, Mprov;)
Vi € [1, N], Sem; = <@L¢, DQ,T,DB;, &, Usni, equiSeti, i, Tpmm;),
Ea :T'F Qsn Ry Qem

EpuVie [1,]\7], 'k LJ\;LZ/{M Ru Uiv:1 Uem;

g—y b UCmF C Qch U Usz

€ = T, DQ,Uen” +- U}V M; Ree UY,

Ee T, DQ, Uem® 7LJ T - U Mprovl Rprov U 1 Tprov;.

By inversion on the rules for £s, we have
51 : F DQ I Qcm U U }VL{sz 5% TF
EuTrUY, Mi~alJL, TiuTr.

By inversion on the rules for (6), there exists constructs s.t.
uemy = (q(@Quq, ty), createFlag, eID, A,)
Case I: T'(q)[tuple] = event.

Case A: ucmy.createFlag = Create.
By assumption
The last rule that derived (6) was CM-CREATE

By inversion we have

. Scmg s

-Semn we have

( ) Ar =rlD p(@‘elh {L'p) - Q(@ém fQ)7 bl(@ﬂqvfbl)v T 7bn(@‘€qvf5n)a to
(a2) ueme = (q(Quq, tq), Create, eID, \q)

(a3) q(Qlq, Tq)o = ’I(@Lq:tq)

(ad) dom(o) = £, UZp UL, UZ, U, Toi

(ab) Vi € [1,n], vID; = TUPLEHASH(bi(@Eq, Tpi)o,T)

(a6) ruleargs, = rID :: 1q :: vIDy i1 - -+ 11 vID,

(a7) HrID, = hash(ruleargs )

(a8) heq = EQUIHASH(q (@Kq,a'c'q), r)

(a9) Ap = id(Quq, HrID,,by)

(210) uemy = (p(@QL,, Fp)o, Create, eID, Ap)

(all) ruleE:vecp = (Ap, Tuleargs, Aq)

(al2) T; = Yo U {ruleEzec,}

(a13) if O'(@Ag ) @Lq then U(’m,/m = ['LLcmz],l/{cm/ezt = [] else Z/lcm;n = [],Z/lcm/ewt = [U(’mﬂ
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We use the above constructs to define:
(al4) Usng = 2 q(Qug, ty)
(alb trp = (rID p(Qly,, 7)o, q(Qug, Ty), b1 (Qly, Tp1)o =2 -+ =2 by (Qly, Ty ) o)
(al6) ’LLsne = trp :p(Qly, Tp)o
(317) ( ( ) @Lq) then Z/{snm = [u,snﬂ,l/{cm;u = [] else Z/{sngn = [],Z/{sn/ewt = [USTLZ
(al8) M) & M, U try:p(Ql,, Zp)o

Using the above constructs we apply SN-SINGLESUBST to obtain:
(a19) singleDerivSN (Que, o, AT, usng, Myg) = Usniy, Usnbgy, My)

By definition of the constructs,

'+ USTL2 ~au ’U/cmg
By &» and the above,

(320) 't an o u.sn/ezt Ru Qcm o UCm/ezt
By &£z and the above,

(an) Vi € [ N] 'k U Usn; U ((u:;ng Z/{sng) OZ/{sn[) Ru U

i=1,i#£L i=1,i#L

By definition of try,
I'F trp:p(Qf,, Tp)o ~q TuleEzecy,
By & the above,
(222) T, DQ,Uen™ =T, UYL, Ly Mi Ree MUULY, ., Ti

By (a20), (a21), &, (a23), &,
(a24) Qsn o I/{snlmt > Ssny - - Ssn? -+ Ssny Re Qem o UCm/&m > Semy - Scm? <o Semn

By (al19) and (a24),
The conclusion holds

Case B: ucmy.createFlag = NCreate.

By assumption

the last rule that derived (6) was CM-NCREATE.

By inversion on that rule,
bl) Ar = rID p(QL,, &) - (@, Zq), b1 (Qly, Tp1), - -+, bn(Qly, Ton), - - -
b2) ueme = (q(Quq, ty), Create, eID, A,)
b3) ¢(@ly, Tq)o = Q(@LQ:EJ)
b4) dom(o) = £, UZ, ULy UL, UJ,_, Zoi
b5) Vi € [1,n], vID; = TUPLEHASH(b;(Qlg, &y )o, T")
b6) ruleargs, = rID :: g i vIDy it - -+ 1 VID,
b7) HrID, = hash(ruleargs,)
b8) heq = EQUIHASH(g (@éq,fq),l“)
b9) A, = id(Qeq, HrID,, heq)
b10) uemy = (p(@QLy, Tp)o, Create, eID, Ap)
bll) Te T,
b12

We use the above to define the following constructs for Semi-Naive Evaluation
(b13) ’LLsne = q(@Lq7 )
bl4 trp = (rID p(QL,, Tp)0, q(Quy, ty), bi(Qly, Bp1)o 2 - - - i by (Qhy, Fpn)o)
b15 USne = trp :p(Qly, Tp)o
bl7 & MU trp:p(Qly,, Tp)o

We apply SN-SINGLESUBST to obtain
(b18) singleDerivSN (Qie, o, Ar, usng, Me) = (Usnly, Usntzy, M5)

By our definitions

'+ USTL2 ~au ’U/cmg
By &» and the above,

(b19) 't an o Z/{sn/ezt Ru Qcm o ucm;wt
By &£z and the above,

. N
(bZO) Vi € [1,N}, 'k Ui:l’i#[u(mi U ((’U,sn,g Z/{sng) Ou',nm) Ru Uz 1,i%0
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Z/{cmi @] ((’LL(:mg o

Z/[?:mg ) [e] Z/{(:m% )

(b14)
(b15)
Eb16§ ( ( ) @Lq) then (Z/{snm = [Usnz] and USn,ext = []) else (usn;n = H and L{sn'm = [’LLsn%])
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Additionally we define the following constructs for Online Compression Evaluation

(b19) heq = EQUIHASH(q(Qtq, ty),T)
(b20) A\g = id(0, D, heq)
(b21) ruleEzec, £ (A, ruleargs,, Aq)

If ruleEzec, € Yy:
By & we have
(b22) T, DQ, Uen™ + Y

=1 1#[Mi UM; Rere vazl T
If ruleEzec, & Yy:
By examining the rules,
rule CM-INIT-EVENT was fired in the past
and Juem) € Uemg s.t. uem} = ueme[createFlag — Create]
By construction,
Tk uemly & ruleEzecy, uemy|createFlag — Create]
By the above and &5 thus
(b23) F DQ7UL77L UU(ml H U

N
i= 11;£ZM7;UM2 Rre Uile

By (b19), (b20) &,, (b22)/(b23) and &, we have

(b26) Qsn o Z/{Sn(;;t > Ssny - - Ssn? - -Ssay Re Qem o Umn,ezt > Semq -+

By (b18) and (b26),
the conclusion holds

Case II: T'(q)[tuple] = fast.
Case A: ucmg.createFlag = Create.
By assumption

the last rule that derived (6) was CM-CREATE
By inversion on that rule

'Scm? i

'ScmN

( ) T:TIDp(@EZHfP) - Q(@Eqqu)vbl(@gqvfbl)v"' abn(@émi“bn)a"'
(a2) ueme = (q(Quq, ), Create, eID, \y)

(a3) q(Qly, Zq)o = q(Quy, ty)

(ad) dom(o) = £, UZ, UL, UZ, U], Thi

(ab) Vi € [1,n], vID; = TUPLEHASH(b; (Q{y, Zb;)o,T)

(a6) ruleargs, = rID :: g :: vIDy -+ - 11 vID,

(a7) HrID, = hash(ruleargs,)

(a8) b p = hash(}\,)

(a9) Ap = id(Quq, HrID,,by)

(210) uemy = (p(@QLy, Bp)o, Create, eID, Ap)

(all) ruleExecp = (Ap, ruleargs, Aq)

(al2) T Tg U ruleExecy

(313) ( ( ) @Lq) then (Z/Icm/m = [Ucmﬂ and Z/{cm/ezt = []) else (ucm/m = [] and Z/{cm/ezt = [’LLcmZ])

By &s and since uemg € Ueme,
(ald) Ttrg s.t. uemp = tryg

Using the above we define

(alb) trp = (rID p(Qly,, Bp)o, trq:q(QLy, Ty), bi(Qly, Tp1 )o =2 -+ 22 by (Qly, Typ)o)

’U,sne = trp :p(QLy, Tp)o

al8 2 trp:p(Ql,, Tp)o
Using the above constructs we apply SN-SINGLESUBST to obtain:
(a19) singleDerivSN (Que, o, AT, usng, M) = Usniy, Usntgy, My)

By our definitions

'+ USTL2 ~au ’U/cmg
By &» and the above,

(320) 't an o Z/{sn/ezt Ru Qcm o UCm/ezt
By &£z and the above,

(an) Vi e [ N] 'k U Usn; U ((u:mg Z/{sng) OZ/{snm) Ru U

i=1,i#£L
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By examining the rules for Semi-Naive Evaluation and given usn; = trg,
(a22) try € My
By the above, given & and since createFlag = Create,
Jyl, s.t.
yly © Uiil T
and I' = trq ~q yl,
By the above and using the definitions of tr, and ruleFEzecp,
Tk trp:p(Qlp, &p)o ~a yl, 2 ruleErecy
By the above and &s,
(223) T, DQUen™ =7,y Ms UM Re Uiy, Te U T

By (a20), (a21), &, (a23), &,
(324) Qsn 0 I/{sn/mt > Ssny - - Ssn? -+ Ssny Re Qem o UCm/em > Semy - - Scm? - Semn

By (a20) and (a24),
the conclusion follows

Case B: ucmy.createFlag = NCreate.
By assumption
the last rule that derived (6) was CM-NCREATE
By inversion on that rule

(bl) Ar = rID p(@Zg, Tp) - q(Qly, Tq), b1(QLy, Tp1), - -+, bn(Qly, Zon), - - -
(b2) ueme = (q(Quq, tq), Create, eID, \g)

(b3) q(Qlg, Zq)o = q(Qug, tq)

(b4) dom(0) = £, UZp ULy UZ, UJ | e

(b5) Vi € [1,n], vID; = TUPLEHASH(b;(Q4,, Zpi)o,T')

(b6) ruleargs, = TID :: 1q :: vIDy i -+ - 1 VID,

(b7) HrID, = hash(ruleargs,)

(b8) bp = hash(Aq)

(b9) Ap = id(Quq, HrIDy,by)

(b10) uemy = (p(Qly, Tp)o, Create, eID, \y)

(b11) ruleEzec, = (Ap, ruleargs, Aq)

(b12) T} =T,

(b13) if (U(@ép) = @Lq) then (Z/{cm;n = [UCmﬂ and UCm/ext = []) else (Z/Icm;'n = H and Z/{cm,ezt = [’LLcmZ])

By & and since uemg € Ueme,
(b14) Jtrg s.t. uemg = trq

Using the above constructs we define
(b15) try £ (rID, p(QLy, Zp) o, tre:q(Qug, ty), b1 (Qly, Tp1)o == - -+ 2 by (Qly, Tpn)o)
(b16) usny £ trp:p(Qly, Tp)o
(b17) if (o(@L,) = Quq) then Usniy, 2 [usnp] and Usnly = []) else Usnly, 2 [] and Usnlyy = [usn)))
(b18) M} 2 try,:p(Qly, Fp)o

Using the above we apply SN-SINGLESUBST to obtain:
(b19) singleDerivSN (Que, o, Ar, usng, Me) = (Usnly, Usnzy, Mp)

By our definitions

I+ ’(Lsnz ~au ’U/cmé
By &» and the above,

(b20) ' an o Z/{sn/ezt Ru Qcm o ucm/em
By &£z and the above,

(b21) Vi € [1,N], T+ U’f\;lyi#éu‘sni U ((usne = Z/[_sng) Our,n;n) Ru UN

i=1,i40 Uem; U ((U(:mg . Z/l?:mg) ° u(m;n)

By examining the rules for Semi-Naive Evaluation and given usn; = trg,
(b22) trq € My

If qu C Uf\[:l T;:

By &s
(b23) T, DQ,Uem™ b7, Ly Mi UM Reo ;L T
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By examining the rules for Online Compression,

Fuemy € Uemg s.t. uemy .createFlag = Create
By definition of ruleEzec,

DQ,T  uenl % ruleEzec,, uen®[createFlag — Create]
By the above and &;

(b24) F, DQ, ucmF U ’U,cmz F UN Mz @] Mé Rre Uivzl Tz

i=1,i70
If yl, ¢ U, Ta:
By (b22), & and &
Juem” € Uem™, Tyl ,, ylg s.t.
ucm” .createFlag = Create
and yl, =yl o ylp
and DQ,I' - uem” & ylg
and yl, C UZI\LI i
By definition of ruleFzecy,
DQ,T + uemg = ruleEzecy, uemy[createFlag — Create]
By the above constructs
DQ,T F uem” 3 ylg :: ruleExec,
Given that I' = trp ~q yl, :: ruleEzec, and the above and &s,
(b25) F, DQ, Z/[(:mF (= Uévzl,iqél Mz U M% Rre Ui\;l Tz
By (b20), (b21), &, (b23)/(b24)/(b25), .,
(b26) Osno Z/{snlem > Ssny - - Ssn? -+ Ssny Re Qem o U(’m/ezt > Semy - - - Scm? -+ Semn

By (b19) and (b26),
the conclusion follows

0
G.2 Bisimulation between the two online compression executions

Our overall goal is to show that there is a bisimulation relation between semi-naive evaluation and the online compression
execution that shares storage across equivalence classes. In this section, we show that there is a bisimulation relation between
the online compression execution that shares storage within equivalence classes and the online compression execution that
shares storage across equivalence classes. Together with the results from Appendix we reach our desired conclusion.

The main difference between the two versions of online compression is that online compression that shares storage across
equivalence classes uses even less storage space to record rule provenances than online compression that shares storage within
equivalence classes. It accomplishes this by storing the parent-child relation ship separately from the constructs used to execute
a rule. Therefore the constructs used to execute a rule could potentially be shared across multiple equivalence classes. In
contrast, online compression that shares storage within equivalence classes cannot share any rule provenance storage between
different equivalence classes.

We prove the bisimulation between the two versions of online compression by formally defining define a relation ~~¢
between the network configuration Cem of the online compression execution that shares storage within equivalence classes and
the network configuration Ctem of the online compression execution that shares storage across equivalence classes. Then, we
show that Cem ~~¢ Ctem defines a bisimulation between the two executions.

G.2.1 Relating network states

Most constructs for online compression that shares storage within equivalence classes and online compression that shares
storage across equivalence classes are identical. The constructs that handle rule provenance are necessarily different as the
version that shares storage across equivalence classes optimizes storage even more. We explain how we relate the differing
constructs below, using the Packet Forwarding example in Figure 28] to illustrate.

rl packet(QN, S, D,DT) :— packet(QL,S,D,DT),route(QL, D, N).
r2 recv(QL,S, D, DT) :— packet(@QL, S, D, DT),D == L.

Figure 28: Packet Forwarding

In this example, we assume that the initial network configuration for both versions of online compression each have two
slow changing tuples, route(@1, 3,2) and ©2,3,3. Assuming an input event tuple packet(@1, 1, 3, hi) triggers program execution,
Figure [29] shows the rule provenances that are stored after online compression of the packet forwarding program that shares
storage within equivalence classes terminates. The rule provenances generated are on the left column.
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heq = EQUIHASH(packet(@1, 1, 3, hi))
ruleEzect = (A1, ruleargs;, Ao) | ruleargs; = rl::1:: TUPLEHASH(route(@1, 3, 2))
HrID; = hash(ruleargs,)
Ao = id(0, 0, heq)
A1 = id(@1,HrIDy, heq)
ruleEzeca = (A2, ruleargsy, A1) | ruleargsy = rl :: 2 :: TUPLEHASH(route(@2, 3, 3))
HrID, = hash(ruleargs,)
)\2 = Id(@2, HI‘ID27 )\1)
ruleExecs = (A3, ruleargss, A2) | ruleargs; =r2:: 3
HrIDs = hash(ruleargs;)
A3 = id(@3, HrIDg, \2)

Figure 29: Rule provenance storage after online compression of the packet forwarding program that shares
storage within equivalence classes terminates. The input event tuple is packet(@1, 1,3, hi).

Figure [30] shows the rule provenances that are stored after online compression of the packet forwarding program that shares
storage across equivalence classes terminates. The rule provenances generated are in the first two columns. The corresponding
rule provenance for online compression that shares storage across equivalence classes is in the right column.

Sharing across equivalence classes Sharing within equivalence classe
Provenance of an individual rule | Parent-child relation || Provenance of individual rule and parent-child relation combined
((M1:1, A1:2), ruleargs;) (A1, X0) ruleExect
((A2:1, A2:2), ruleargss) (A2, A1) ruleExecs
((A3:1, A3:2), ruleargss) (A3, A2) ruleEzecs

Figure 30: Rule provenance storage after online compression of the packet forwarding program that shares
storage across equivalence classes terminates. The input event tuple is packet(@1, 1, 3, hi).

Relating a rule provenance element (ruleEzec ~~y lem :: nem).

Online compression that shares storage within equivalence classes records the arguments used to fire a DELP rule and the
parent-child relationship between the rule provenance representing the previous rule fired together as ruleEzec. ruleFExec
has form (A, ruleargs,, Ag), in which X\, (where A\, = id(@iy,HrIDy,b,)) is a unique identifier for ruleEvec, ruleargs,
contains the necessary constructs to fire a rule, and A; stores the unique identifier for the previous rule fired.

In contrast, online compression that shares storage across equivalence classes records those two pieces of information
separately in order to further compress the provenances. The arguments used to fire a DELP rule are recorded as ncm,
which may be used to record the provenance of executions belonging to multiple equivalence classes. lcm is used solely
to record the parent-child relationship between the rule provenances, and cannot be shared between multiple equivalence
classes. Figures[29]and [30] provide a concrete example of how to relate an ruleEzec element to a node element ncm and
link element lcm.

Relating sets of rule provenances (T ~~ycgzec £;N).
The base case is when no provenances have been recorded and T, £, and N are empty sets.
In the inductive case, every rule provenance ruleEzec in T relates to a node provenance ncm in N and parent-child
provenance lcm in L.
For example, if T = {ruleEzeci, ruleEzeca} and £ = {(A1, Mo), (A2, A1); N = {((A1:1, A\1:2), ruleargs; ), ({A2:1, A2:2), ruleargs,) }
and then Y ~~,yiepzec £; N, and given ruleExecs ~~y (A3, A2) :: ({(A3:1, A3:2), ruleargs;), then T U ruleETecs ~~qryieEzec
LU (A3, A2); N U ((As:1, A3:2), ruleargss).

Relating individual network states (Sem ~~gs Tem). Given a state Sem for online compression that shares storage within
equivalence classes and a state T em for online compression that shares storage across equivalence classes, if the constructs
that store rule provenances for both states relate (T ~~ryicagec L; N ) and the other constructs in their states are identical,
then these two states relate

Relating network configurations (Cem ~~s Ctem). Given that all states in the two network configurations relate and the
sets external updates for both network configurations are identical, then the network configurations relate.

ruleExec ~~y lcm :: ncm|

Ap = id(Quq, HrID,, bp)
(Ap, ruleargs,, Aq) ~~e (Ap, Ag) :t ({(Qug, HrIDy), ruleargs,)

~~
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| T N~ ryleExec £7N|

ruleEzec ~~y (lem :: nem) T ~~puteszee (L3 N)
Y U ruleEzec ~~ryieprec (LU lem; N U nem)

~rpyleBrec- BASE ~~pyle Bpec~IND

{} ~ ™~ ryleEzec {}a {}

T ~~ruleEzec ‘ch
<@L, DQ, F, DB, 5, Z/{cm7 equz’Set, T, Tpr01r> ~~S <C@L7 DQ7 F, DB, 5, Z/{cm, equz’Set, E,N, Tp’r'ov)

Ccm ~r~e thm

~rS

Vi € [17 N],Scmi ~~Y S Tcmi
Qum >S cmy ottt Sem N ~rYe Q(:m > Tuml s Tz:m N

~c

G.2.2 Relating provenance trees to ordered lists of provenances

Next we define relations between provenance trees and ordered lists of rule provenances. We will use these relations to show
that every time online compresion that shares storage within equivalent classes takes a step, online compresion that shares
storage across equivalent classes takes a step and the bisimulation relation between the network state again holds, and vice
versa.

Relating an ordered list of rule provenances (yl ~~, ch).
The base case is when the ordered lists of rule provenances are empty.
In the inductive case, every ruleEzec rule provenance in yl relates to the corresponding pair of lem :: necm in ch.

Relating a provenance tree to an ordered list of rule provenances (I' F tr ~~y ch).

Given a provenance tree tr, if ¢r relates to an ordered list of rule provenances yl that store the parent-child relationships
together with arguments to rules (I' - tr ~~g4 yl), and if yl relates to ch (yl ~~ ch), then t¢r relates to ch (I'F tr ~~y
ch).

ruleEzec ~~y (lem :: nem)

~~op-BASE ~r~p-IND

H ~ch H

yl 2 ruleEzec ~~gp ch ~> (lem :: nem)

T'kFtr ~~g oyl yl ~~ep, ch
'k tr ~~g ch

~rg

G.2.3  Online compression sharing storage within equivalence classes simulates online compression sharing
storage across equivalence classes

‘We show that online compression that shares storage within equivalence classes simulates online compression that shares stor-
age across equivalence classes. We show that given any network configuration Cem (where Cem = Qem > Semy - - - Semj « + - Semn)
for Online Compression (via sharing storage within equivalence classes), there exists a corresponding network configuration
Ctem (where Ctem = Qem > Tem1 -+ Temi -+ Temn) for Online Compression (via sharing storage across equivalence classes),
such that Ccm ~n~e thm.

To prove this, for each set of transition rules for online compression that shares storage within equivalence classes, we state
and prove a lemma that shows that these rules have a corresponding counterpart in online compression that shares storage
across equivalence classes. If initially the network configuration for both systems relate, after online compression that shares
storage within equivalence classes steps to a new configuration, then online compression that shares storage across equivalence
classes is also able to step to a corresponding new configuration.

We present the necessary lemmas below, but omit most of the proof details as they are similar to those presented in Ap-
pendix Only the proof of singleCompressionCM simulates singleCompressionAcrossCM] (Lemma [28) differs somewhat
lemma that handles the updates of rule provenances. The proof exploits the fact that for every rule provenance element in
Cem, there is one corresponding rule provenance link and node in Ctem and vice versa.

Lemma 22 (Multi-step: Sharing within equivalence classes simulates sharing across equivalence classes).
Vk € N,
Cinit /%t Cinit s -+ ons Compgn
implies
E'thnlk+1 s.t.
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Cinit s Cinit \eear -+ Ny Clemp41

and Ccmk+1 ~~e thmk+1.

Proof. By induction over k and using Single-step: Sharing within equivalence classes simulates sharing across equivalence
classes (Lemma 23)). O

Lemma 23 (Single-step: Sharing within equivalence classes simulates sharing across equivalence classes).
Ccm ~~C CLcm
and Cem /‘CM Cen!
implies
Hctcm, s.t.
thm \CM thm/
and Ccml ~r~e thml.

Proof. By inversion on rules for Cem oy Cem’ using Single-step per node: sharing within equivalence classes simulates sharing
across equivalence classes (Lemma , and applying the rules for Ciem N\ cumr Ctem. O

Lemma 24 (Single-step per node: sharing within equivalence classes simulates sharing across equivalence classes).
Qcm > Scml cee Scmg cee ScmN ~re Qcm > Tcml e Tcme e TcmN
and Scm[ — Scmz, Z/l(:m;zt
implies
ET(JWZ s.t.
Tcmg — Tcmz, Z/[cmlemt
and Qcm o I/{cm,emt > Scml te Scmz te Scm,]\] ~n~C Qcm o Z/{cm/e‘m > Tcml s Tcmé R TcmN.

Proof. By inversion on rules for Semy < Semy,Ucmly,, using fireRulesCM simulates fireRulesAcrossCM (Lemma and
applying the rules for Teme — Tz:m%,]/{z:m/ezt. O

Lemma 25 (fireRulesCM simulates fireRulesAcrossCM).
Oem > Semy -+ - Semy -+ - Semn ~rve Qem > Temy - - Temg -+ Temn
where S(:m[ = <@Lq, DQ, F, DB@, 52, Uemyg 2 I/{?:mz, equiSetz, Te, Tpro’ug)
and Tcme = <C@Lq7 l)Q7 F, DB(, 6@, Ucemyp 2 u;m[, equiSete, Ee,./\[g, Tprov[>
and DQ C DQ
and ﬁreRulesC’M(@Lq, AID_Q, Uemg, DB@, Tg) = (U(:m;-n, U(:mgzt, T;)
implies
3Ly, AN s.t.
fireRulesAcrossCM(Quy, ADQ, ueme, DBe, Lo, No) = Uemlyy, Uemlyyy, L5, N7)
and Qcm o Z/{cmlezt > Scml e Scm? e ScmN ~n~C Qcm ] Z/lcmlezt > Tcm1 ce Tcm? e TcmN
where Sem = (Qug, DQ, T, DBy, E¢,Uemy 0 Uemly,, equiSet,, Xy, Tprovy)
and Tcm? = <@Lq, DQ7 F, DBZ, g@,u;m,z o Z/{cm;;n, equiSeté, [,2,./\/}, Tp’rovg) .

Proof. By induction over length of DQ, inversion on the rules for fireRulesCM (Qip, ADQ, tueme, DBe, Yo) = Uemly, Uemloys, Y1),
using fireSingleRuleCM simulates fireSingle RuleAcrossCM (Lemma and applying the rules for fireRulesAcrossCM. O

Lemma 26 (fireSingleRuleCM simulates fireSingleRule AcrossCM).
Oem > Semy - -+ Semy -+ - Semn ~rve Qem > Tcm1_' < Temg-+Temn
where Scmg = <@Lq, DQ, F, 'DB(, 5@, Ucemy 2 USng, equz’Sete, Tg, Tproug)
and Tume = <@Lq, I)Q7 F, DB[, 5@, Uemy 2 Z/[Z‘m[, equz’Sete, Ee,/\/g, Tpr(mg)
and r € DQ
and fireSingleRuleCM (Quq, AT, ueme, DB, Ti) = Uemiy, Uem'yyy, Ty)
implies
3L, ING s.t.
ﬁreSingleRuleAcmssCM(@Lq, AT, Ucemy, DB@, ;Ce,./\/e) = (Z/[{:m;n, Z/{cm/mt, EZ, ./VZ)
and Qcm ] I/{cm,emt > Scml e Scm? e ScmN ladadd Qcm o I/{cm/em > Tcm1 e Tcma e TcmN
where Scm? = <@Lq, DQ, F, DB[, 5[7 Ucemyg 0 ucm,/m, equiSet[, T%, Tprovg>
and 770771[‘;9 = <@Lq7 DQ, F, DB(, ge,U(:m[ o ucm;n, 6(]’U/L'S€t£, [,2,./\/;, Tprovg) .

Proof. By inversion on the rules for fireSingleRuleCM (Que, Ar, ueme, DBe, o) = (Uemly,Uemngy, T3), using compressionCM
simulates compressionAcrossCM (Lemma and applying the rules for fireSingleRuleAcrossCM. O

Lemma 27 (compressionCM simulates compressionAcrossCM).

Qcm > Scml cee Scmg cee ScmN ~re Qcm > Tcml R Tcme e TcmN
where Scm[ = <@Lq, DQ, F, ’DB@, gz, Ucemy 2 Z/[cmz, equiSetl, Tz, Tprovg)
and Tcme = <@Lq, DQ, F, DB@, c‘:g, Ucemy 2 Z/[ng, equiSetz, ,Cg,./\/e, Tpmvg>
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and r € DQ
and ¥ = p(Ar, q(Quq, 1), DBy)
and X' C sel(3, Ar)
and compressionCM (Qug, X', Ar,ucme, To) = (Uemly, Uemlyzy, 1)
implies
3Ly, AN} s.t.
and compressionAcrossCM (Qug, X/ A1, ueme, Loy Ne) = Usnly, Usngy, Loy N7)
and Qcm o Z/{cm;u > Scml e Scm? e ScmN ~r~e QCm [¢] Z/{cm/eu > Tcml e Tcm? e TcmN
where Scm? = <@Lq, DQ, F, DB[, 5(, L{cmg ] Z/[cm;n, eqm’SetZ, Tz, Tprove>
and Tcm? = <@Lq, DQ, F, DB[, 5[,1/{(5777.[ o Z/{(:m;n, equz’Sete, [,2,./\/;, Tp'r(w£> .

Proof. By induction on the length of X', inversion on the rules for compressionCM (Que, X', A7, ucme, Yo) = (Uemly,, Uemlogy, T7),
using singleCompressionCM simulates singleCompressionAcrossCM (Lemmal28) and applying the rules for compressionAcrossCM.

O

Lemma 28 (singleCompressionCM simulates singleCompressionAcrossCM).
Qr:m > Semyp - - Scmg - Sempn ~n~e Qum > Tr:m1 s Tcmz - Tem N
where Semg = (Qug, DQ, T, DBy, E, teme :: Ueme, equiSet,, Yo, Tprovy)
and Tcme = <@Lq7 .DC)7 F7 'Z)B(7 54, Ucmy @2 Z/{;mz7 equiSetZ, ,Cb./\/’e, Tprovg>
and r € DQ
and ¥ = p(Ar, q(Quq, ty), DBy)
and &' € sel(X, Ar)
and o € ¥’
and singleCompressionCM (Qurq, 0, A1, ueme, Yo) = (Uem'y, Uemipyy, 1)
implies
3Ly, AN s.t.
singleCompressionAcrossCM (Quq, o, Ar, ueme, Loy No) = Uem'y, Uembzy, L, N7)
and Qcm o Z/{cm;zt > Scml e Scm? e ScmN ~nre Qcm [¢] Z/{cm/ezt > Tcm1 e Tcm? e TcmN
where Scm? = <@Lq, DQ, F, DB[, 5(, (’LLsng o Z/[_sn[) o Z/{sn;n, equiSetz, T%, Tprovg)
and Tcm? = <@Lq, DQ, F, DB[, 5@, (’LLcmg o u_cm[) o Z/lcm;n, equiSetg, [,2, ./VZ, Tpmmg>.

Proof.
Assume that
(1) Qcm > Scml .. 'Scmz cee ScmN ~re Qcm > Tcm1 s Tcmz s TcmN
where Sem¢ = (Quq, DQ, T, DBy, Eo, temy :: Ueme, equiSety, o, Tprovy)
and Tcmz = <@Lq, DQ, F, DB@, gz, Ucmy 2 Z/[;mz, equiSetb ,Cg,./\/’z, Tprovg>
(2) r € DQ
(3) £ = p(Ar, q(Quq, E])v DBe)
(4) X' € sel(Z, Ar)
(5)c ey
(6) singleCompressionCM (Quq, o, AT, ucme, To) = (Uemly, Uemloyy, 1)
By the bisimulation relation in (1),
(7) Tl ~ryleEzec LZ,M
Thus the set of rule provenances in both executions correspond

Case I: I'(q)[tuple] = event.

Subcase A: ucmy.createFlag = Create.
By assumption
The last rule that derived (6) was CM-CREATE
By inversion we have

(al) Ar =rID Ap(@(,,7 Tp) - Aq(Qly, Tq),b1(Qly, Tp1), - -+, bn(Qlg, Ton), -
(a2) ueme = (q(Quq, t,), Create, eID, A,)

(a3) 4(@Ly, 7)o = 4y, )

(ad) dom(o) = £, UZ, UL, UZ, U, T

(ab) Vi € [1,n], vID; = TUPLEHASH( (@éq,a?bi)a, I)

(ab) ruleargsp =7rID :: 1y :: vIDy i -+ 2 vID,

(a7) HrID, = hash(Tuleargs )

(a9) Ap = id(Quq, HrID,, Aq 3)

(210) uemy = (p(@QL,, Fp)o, Create, eID, Ap)

(all) ruleE:vecp = (Ap, Tuleargs, Aq)

(al2) Y; = YT¢ U ruleEzecy

(a13) ( (@é ) @Lq) then UCm,,m = ['LLcmH,Ucm,ezt = [] else Z/[cm;n = [],L{cm/ewt = [UCmZ]
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We use the above constructs to define:
(al4) lemp 2 (Mp, A\g)

(al5) nemy, £ ((Qug, HrID,), ruleargs,,)

(al6) Ly £ Lo Ulem,

(al7) Ny & Ne U nemy,

Using the above constructs we apply CM-ACROss-CREATE to obtain
(a19) singleCompressionAcrossCM (Quq, o, A, ueme, Lo, No) = Uemly,, Uemegs, Loy N7)

By property (1) of the bisimulation relation,
(aZO) TZ ~~ruleEzec 'CyN
By (a20), (al6), (al7), we apply ~~,uicErec-IND and obtain:
(321) T% ~ ™ ryleEzec E’;NI
We have shown that the rule provenance storage in both executions again relate after the executions take a step.

By (1) and (a21),
(322) Qem © Z/{cm/e‘m > Semq - - - Scm? <+ Semn ~re Qem o Z/{cm/mt >Temy--- Tcm? co-Temn

By (a20) and (a22),
the conclusion holds
Subcase B: ucmy.createFlag = NCreate.
Since the set of rule provenances is not updated in both executions, the desired conclusion is obvious.

Case II: I'(q)[tuple] = fast.

Subcase A: ucmg.createFlag = Create. Identical argument to Case I, Subcase A.

Subcase B: ucmy.createFlag = NCreate.
Since the set of rule provenances is not updated in both executions, the desired conclusion is obvious.

O

G.2.4  Online compression sharing storage across equivalence classes simulates online compression sharing stor-
age within equivalence classes

In this appendix, we show that Online Compression (via sharing storage across equivalence classes) simulates Online
Compression (via sharing storage within equivalence classes). We show that given any network configuration Ctem (where
Ctem = Qem > Temi -+« Temi -+« Temn) for Online Compression (via sharing storage across equivalence classes), there exists
a corresponding network configuration Cem (where Cem = Qem > Sem1 - -+ Semy - - - Semn’) for Online Compression (via sharing
storage across equivalence classes), such that Cem ~~¢ Ctem.

To prove this, for each set of transition rules for Online Compression (via sharing storage across equivalence classes), we
state and prove a lemma that shows that these rules have a corresponding counterpart in Online Compression (via sharing
storage within equivalence classes). If initially the network configuration for both systems relate, after Online Compression
(via sharing storage across equivalence classes) steps to a new configuration, then Online Compression (via sharing storage
within equivalence classes) is also able to step to a corresponding new configuration.

We present the necessary lemmas below, but omit most of the proof details as they are similar to those presented in ap-
pendix Only the proof of singleCompressionAcrossCM simulates singleCompressionCM (Lemma differs somewhat
lemma that handles the updates of rule provenances. The proof exploits the fact that for every rule provenance element in
Cem, there is one corresponding rule provenance link and node in Ctem and vice versa.

Lemma 29 (Multi-step: sharing across equivalence classes simulates sharing within equivalence classes).
Vk € N,
0 1 k
Cinit \CM Cinit \ICM SN Cumk+1
implies
actcmk+1 s.t.
0 1 k
Cinit /"oy Cinit om -+ /o Ctemiyt
and Cumk+1 ~~e Ct(:mk+1.

Proof. By induction over k and using Single-step: sharing across equivalence classes simulates sharing within equivalence
classes (Lemma [30). O

Lemma 30 (Single-step: sharing across equivalence classes simulates sharing within equivalence classes).
Ccm ~~C Ct(:m
and thm \CM thm/
implies
E'Ccm/ s.t.
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Cem /CM Ccm,

and Cum/ ~r~e thm/.

Proof. By inversion on rules for Ctem \,cn Ctem’ using Single-step per node: sharing across equivalence classes simulates
sharing within equivalence classes (Lemma , and applying the rules for Cem 7o Cem. O

Lemma 31 (Single-step per node: sharing across equivalence classes simulates sharing within equivalence classes).
Qcm > Semy - - Scmg - Sempn ~n~e Qcm > Tcm1 s Tcmg e TcmN
and Temg < Temz, Z/{cm/ext
implies
HScmZ s.t.
Seme — Scmz,ucmgmt
and Qcm o] Z/{cmézt > Semy - - Scmz - - Semn ~n~C Qcm ] Z/lcmgzt > Tcml ce Tcmz te TcmN.

Proof. By inversion on rules for Teme < Temp, Uemlyy, using fireRulesAcrossCM simulates fireRulesCM (Lemma and
applying the rules for Teme < Temp, Uemlpy,. O

Lemma 32 (fireRulesAcrossCM simulates fireRulesCM).
Oem > Semy -+ Semy -+ Semn ~r~ve Qem > Temy -+ Temg -+ Temn
where Scmg = <@Lq, DQ, F, 'DB@, g@, Ucemy 2 Z/l_cme, equiSetl, Te, Tprovg>
and Tcmg = <@Lq, DQ, F, DB[, 5@, Ucmy 2 Z/[Zme, equiSetZ, Lg,./\/'g, Tprovﬁ
and DQ C DQ
and fireRulesAcrossCM(Quy, ADQ, ueme, DBe, Lo, No) = Uemly, Uem'yy, L4, N7)
implies
Y, s.t.
ﬁreRulesAcrossC’M(@Lq, AD_Q, Uemg, DB[, Tz) = (Z/{um;'n, Z/{z:m/ezt, T%)
and Qcm [¢] Z/[cm/eu > Scml e Scm? e ScmN ~r~e Qc’m [¢] Z/{cm/ezf, > Tcml e Tcm? e TcmN
where Scm? = <@Lq, DQ, F, DB[, 5@, L{ng ] Z/{cm;n, equiSete, Tz, Tprove>
and 7-07112j = <@Lq, DQ, F, DB[, 5[,1/{1_%[ o Z/lcm;n, 6q’U,Z'S€tZ, l:z,./\/é, pr“ov4> .

Proof.

By induction over length of DQ,

inversion on the rules for fireRulesAcrossCM(Que, ADQ, ueme, DB, Lo, Ni) = Uemlyy, Uem'gs, L5, N7,
using fireSingleRuleAcrossCM simulates fireSingle Rule CM (Lemma

and applying the rules for fireRulesCM.

Lemma 33 (fireSingleRuleAcrossCM simulates fireSingleRuleCM).
Qcm > Scml cee Scmg cee ScmN ~re Qcm > Tcm17' . Tcme e TcmN
where Scm[ = <@Lq, DQ, F, DB@, g@, Ucemy 2 Z/[sng, equz’SetL,, Tg, Tprovl>
and Teme = (Qug, DQ, T, DBy, Ery uemy i Z/[ng, equiSet,, Lo, N, Yprovg)
and r € DQ
and fireSingleRuleAcrossCM (Quy, Ar, ueme, DBy, Lo, No) = Uemly,, Uemgs, L, Ny )
implies
3Ty s.t.
fireSingleRuleCM (Quq, A1, ucme, DB, Ti) = Uemly,, Ueme, Ti)
and Qem o Z/{cm/ezt > Semy - - Scm? <o Semn ~roe Qem o Z/{L‘Wl/ezt > Temy - - Tcma <o Temn
where S(Vm? = <@Lq, DQ, F, DB[, 5@, ucme o U(zm;n, equz’Setl, T/g, Tprm)g)
and Tcm? = <<@Lq7 DQ, P7 DBe7 gz,l/{cm( ] L{cmém equiSetl, ,Cé,./\/’é7 ’rprng> .

Proof.
By inversion on the rules for
fireSingleRuleAcrossCM (Que, Ar, weme, DBe, Loy Ne) = Uemby, Uem'ne, L3, N7 ),
using compressionAcrossCM simulates compressionCM (Lemma |
and applying the rules for fireSingle RuleCM.

Lemma 34 (compressionAcrossCM simulates compressionCM).
Qcm > Scml cee Scmg cee ScmN ~nrve Qcm > Tcm1 s Tcmz e TcmN
where Scm[ = <@Lq, DQ, F, 'DBE, g@, Ucmy 2 Z/[cme, equiSetl, Te, Tprovg)
and Tcmg = <@Lq, DQ, F, DB[, 5@, Ucmy 2 Z/[Zm(g, equiSetZ, ,Cg,./\/g, Tprow)
and r € DQ
and ¥ = p(Ar, q(Quq, t,), DBy)
and ¥’ C sel(3, Ar)

63



and compressionAcrossCM (Qug, X' ) Ar, ueme, Lo, No) = Uemiy, Uemlogy, Loy N7)
implies
Y, s.t.
and compressionAcrossCM (Quq, X/ Ar, ueme, To) = Usnin, Usnogr, T4)
and Qcm o Umn,ezt > Scml e Scm? e Scm[\] ~r~e Qcm o Ucmfm > Tcml e Tcm? e TcmN
where Scm? = <@Lq, DQ7 F, DB[, (c:g, Z/{cmg o Z/[cm;n, equiSetz, Tz, Tpmuz>
and T(:m? = <@Lq, DQ, F, DBZ, Sg, Uemyg 0 Z/{cm;n, equiSete, E%,./\/Z, Tp’rm:g> .

Proof.

By induction on the length of ¥/,

inversion on the rules for compressionAcrossCM (Qug, 3| Ar,ueme, Loy, No) = (Uem'n, Uemlog, Loy, N7,
using single CompressionAcrossCM simulates singleCompressionCM (Lemma

and applying the rules for compressionCM.

Lemma 35 (singleCompressionAcrossCM simulates singleCompressionCM).
Qcm > Scml cee Scmg cee ScmN ~re Qcm > Tcm1 s Tcmz e TcmN
where Scmg = <@Lq, DQ, F, 'DB@, g@, Ucemy 2 Z/l_cme, equiSetl, Te, Tprovg>
and Tcmg = <@Lq, DQ, F, DB[, 5@, Ucmy 2 Z/[Zme, equiSetZ, Lg,/\/g, Tprovﬁ
and r € DQ
and ¥ = p(Ar, q(Quq, t,), DBy)
and ¥’ € sel(Z, Ar)
and o € ¥’
and singleCompressionAcrossCM (Quq, o, A1, ueme, Lo, No) = Uem’y,, Uemlogs, Lo, N7y
implies
3Ly, NG s.t.
singleCompressionAcrossCM (Qug, o, Ar, ueme, Yo) = Uemiy, Uemipgy, Ty)
and Qam o Z/{cmézt > Semy - Scm? <o Semn ~n~C Qcm o UCm/ezt > Tcml ce Tcm? ce TcmN
where S(B’HL? = <@Lq, DQ7 F, DB[, 5@, (u(sn[ o Z/[sn[) o usn;n, equz’Set@, T%, Tprovg>
and Tcm? = <<®Lq7 DQ7 P7 DB@, 5@, (UCmg o u;mz) o I/{cm;,” equiSetb Ez,/\/‘é, Tprovg).

Proof.
Assume that
(1) Qcm > Scm1 cee Scmz cee ScmN ~re Qcm > Tcml cee Tcm[ s TcmN
where Scme = <@Lq, DQ, F, DB@, Sg, Ucmy 2 Z/[ng, equiSetZ, T@, Tprow)
and Tcm[ = <@Lq7 DQ, F, ’DB(, 5@, Ucmy 2 Z/l;mg, equz’SetZ, ,Cg,./\/'g, Tpi'o'Ug>
(2) € DQ
(3) X= p(Ar, q(Qugq, Ezl)v DB[)
(4) X' € sel(Z, Ar)
(5) cex’
(6) singleCompressionAcrossCM (Quy, o) AT, ueme, Loy, No) = Uem'y, Uemlogy, Lo, N7)
By the bisimulation relation in (1),
(7) TE ~ ™ ruleEzec ['Z;NZ

Thus the set of rule provenances in both executions correspond
Case I: I'(q)[tuple] = event.

Subcase A: ucmy.createFlag = Create.
By assumption
The last rule that derived (6) was CM-ACROSS-CREATE
By inversion we have

(al) Ar = rID p(Qly,, @p) - q(Qly, Tq), b1 (Qlg, To1), - -+ , bn(Qlg, Ton), - -
(a2) ueme = (q(Quq, t,), Create, eID, A,)

(a3) 4(@Ly, 7)o = 4y, )

(ad) dom(o) = £, UZ, UL, UZ, U, T

(ab) Vi € [1,n], vID; = TUPLEHASH(b;(Qfq, Zvi)o, I')
(a6) ruleargs, = rID :: 14 :: vIDy i --- 11 vID,

(a9) Ap = id(Quq, HrID,, Aq:3)

(210) uemy = (p(@¥,, )0, Create, eID, Ap)

(all) ncmy = ((Qug, HrIDy), ruleargs,,)

(al2) Ny = Ne U nemy,

(al3) lemp = (Ap, Aq)

(ald) Ly = L, Ulem,
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(315) if U(@Ep) = @Lq then Umngn = [Usz],UCm;zt = [] else Z/[cm;n = [],UCm/ezt = [Ucmﬂ

We use the above constructs to define:
(a16) ruleEzec, £ (A, ruleargs,, Aq)
(al7) Yy = Yo U ruleEzecy
By definition of the constructs,
(al8) ruleEzec, ~~y¢ lemy 2 nemy
By (1) and (al8),
(a19) Ty ~~e L N;
We have shown that the rule provenance storage in both executions again relate after the executions take a step.

Using the above constructs we apply CM-CREATE to obtain
(a20) singleCompressionAcrossCM (Quq, o, Ar, ueme, To) = Uemiy, Uembzy, T5)

By (al9) and (a20)
the conclusion follows
Subcase B: ucmy.createFlag = NCreate.
Since the set of rule provenances is not updated in both executions, the desired conclusion is obvious.
Case II: I'(q)[tuple] = fast.

Subcase A: ucmg.createFlag = Create. The argument is similar to that of Case I, Subcase A.

Subcase B: ucmy.createFlag = NCreate.
Since the set of rule provenances is not updated in both executions, the desired conclusion is obvious.

G.3 Proof of Correctness of Compression

We prove the correctness of the online compression algorithm by showing that the distributed provenances maintained
in the ruleExec and prov tables contain the exact same set of provenances of tuples derived by a semi-naive evaluation.
Theorem 3] in Section [5.3]| states that we can assemble entries in ruleExec and prov to reconstruct a provenance tree and
vice versa.

Theorem 3 (Correctness of Compression). Vn € N and initial state Cinit, Cinit —>5y Csn then exists Cem s.t. Cinit —¢as Cem
and for any derivation tree tr € Cs,, there exists a provenance P € Ccp, s.t. tr ~q P and for all provenance P € Cep,, there
exists a derivation tree tr € Cqy, s.t. tr ~q P. And the same is true for the semi-naive when Cinit — % Com.-

Theorem [3] is a corollary of Lemma [4] which shows that the semi-naive execution with online compression algorithm
is bisimilar to the semi-naive execution that stores full derivation trees. The bisimilarity relation relates the distributed
compressed provenances and the full derivation provenances in such a way that both store the same set of provenances.

Lemma 4 (Compression Simulates Semi-naive). Vn € N given initial state Cinit, and Cinit =5y Csn then ICem $.t. Cinit =t
Cem and Csn, Re Cem and vice versa.

Proof. By Semi-Naive simulates Online Compression (Lemma@ and Online Compression simulates Semi-Naive (Lemma.

O
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H. CORRECTNESS OF QUERY

We show for both online compression execution that shares storage within equivalence classes and online compression
execution that shares storage across equivalent classes, all provenance trees generated by using the semi-naive evaluation
can be queried for, and furthermore the query algorithm will return the correct provenance tree. Because online compression
execution may propagate updates out of order, there are situations where rule provenance entries are referred to in a provenance
before they are stored. Thus the query algorithm assumes all updates have already been processed.

This section is organized as follows. First we present the query algorithms for both versions of online compression. Next,
we define several properties of the provenance that we use in the proof. By Correctness of Compression (Theorem [3)) we know
there is a bisimulation between semi-naive evaluation and online compression execution that shares storage within equivalence
classes. We use this bisimulation relation to prove correctness of query. Finally, we use the bisimulation relation between
the two versions of online compression to see that we can retrieve provenance trees from the network that executed online
compression with sharing across equivalence classes.

H.1 Query algorithms

Given a tuple res that is an instance of a relation of interest, the query algorithm returns all possible provenance trees for
res. We present the algorithms for both versions of online compression here.

H.1.1 Sharing storage within equivalence classes

We present the query algorithm to retrieve provenances in Figure [BI] Function QUERYS first checks that all updates in
the network have already been processed to ensure that the algorithm is able to retrieve all rule provenances associated with
tuple res, where res is an instance of a relation of interest. The network configuration Qcm > Sems - - - Semn stores all rule
provenances needed to reconstruct res. Each rule provenance for res takes the form of yl, an ordered list of rule Fxec elements.
The elements in yl may be stored at different nodes in the network.

For every instance of a relation of interest derived, the online compression algorithm additionally maintains a tuple prove-
nance prov that contains a pointer to the last element of the corresponding list of rule provenance yl. OBTAINTUPLEPROVS
returns all such tuple provenances prov associated with res. Next, QUERYS calls QUERYSS, which uses the pointer to the last
element of yl to return yl in its entirety.

Because each element ruleEzec stores a reference to the previous rule provenance element, QUERYSS is able to retrieve every
element of yl in reverse order. It terminates when the reference to the previous rule provenance is a null pointer, meaning
that the final rule provenance retrieved represents the first rule triggered for the execution that derived res.

1: function QUERYS(Qem > Semi - - - Semn, res, eID)

2 [provy, - -+ , prov,,] <= OBTAINTUPLEPROVS(Qcm > Semy - - - Semn, Tes, eID)
3 ProvSetS = {}

4 for i € [1,m] do

5: (Quy, res, eID, \y) < prov,

6: ylz < QUERYSS(Qcm > Semy - ScmN, Ar)

7 ProvSetS < ProvSetS U yl,

8 return ProvSetS

9: end function

10

11: function QUERYSS(Qcm > Semy - ScmN7 )\p)
12: if A\, € Uf\;l Sem;.equiSet then

13: return ||

14: else

15: ruleExec, + GET_RULEEXEC(Y | Semi. T, \p)

16: (Ap, ruleargs,, Aq) — ruleEzec,

17: return QUERYSS(Qcm > Semy - - - Semn, Aq) i1 TuleExec,

18: end function

Figure 31: Query algorithm for online compression execution that shares storage within equivalence classes

Finally, QUERYS returns ProvSetS, a set of lists of rule provenances that can be used to recover the provenance trees for
res. Algorithm COMPRESSEDS__ TO__PROVENANCETREE in Figure takes as arguments a rule provenance yl in ProvSetsS,
the tuple of interest res, the complete set of all materialized tuples in Qem > Semi - - - Semn, the mapping of tuples to primary
keys I', the unique identifier eID for the event tuple eID, and the DELP program D@ and recovers the provenance tree.
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1: function COMPRESSEDS__ TO_ PROVENANCETREE(y! :: ruleExec, P, DB, T', eID, DQ)
2 if yl =[] then

3 (Ap, ruleargs,, heq) < ruleExec

4: rID :: te 12 vIDy i -+ i vID,, ruleargsp

5: (* DQ[rID] = p(Q¥,, Zp) :- e(Qle, Ze), b1 (Qle, Tp1), -+, bn(Qle, Tp1) *)
6: ev < RECOVER_ TUPLES(eID, DB, T')

7 Bj -+ By < RECOVER__TUPLES(VIDy :: -+ :: vID,, DB, T)

8: return (rID, P, ev, By :: -+ :: By)

9: else

10: (Ap, ruleargs,, Aq) < ruleBzecy

11: rID ::1q :: vIDy -+ 1t VID, 4— r‘uleargsp

12: By -+t By <~ RECOVER _TUPLES(vID; :: --- :: vID,, DB,T)

13: (* DQ[rID] = p(Q@ly, p) :-q(Qly,Ty), b1 (Qlg, Tp1),- -+ ,bn(Qly, Tp1) ¥)
14: Q@ < RECOVER__RULE_ TRIGGER(P, By :: -+ :: Bn, 7ID, DQ)

15: trq < COMPRESSEDS__TO_ PROVENANCETREE(yl, @, DB, T, eID, DQ)
16: return (rID, P, trq:Q, By :: -+ :: By)

17: end function

Figure 32: Algorithm to recover a provenance tree from an ordered list of rule provenances

H.1.2 Sharing storage across equivalence classes

We present the query algorithm to retrieve provenances in Figure [33] below. Function QUERYT is almost identical in syntax
and semantics to QUERYS in appendix [H.1.1] except that the network configuration it accepts is for online compression with
sharing across equivalence classes, thus the structures for storing rule provenance somewhat differs. Function QUERYTT is
analogous QUERYSS.

: function QUERYT(Qcm > Temy -+ TcmN, Tes, eID)
Assert No more updates in Qem > Tem1 -+ Temn
[pT’OUl, s ,pTOUm] < OBTAINTUPLEPROVT(QC’W > T(:m,l cee T(:mN, Tes, eID)
ProvSetT = {}
for i € [1,m] do
(Quy., Tes, eID, \y) < prov,
ch; + QUERYTT(Qcm > Tc7n1 cee TcmN, )\r)
ProvSetT <+ ProvSetT U {ch;}

10: return ProvSetT

11: end function

12:

13: function QUERYTT(Qem > Tem1 - - - Temn, res, eID)

14: if \p € Uil T emi.equiSet then

15: return ||

16: else

17: id(Quq,HrIDy,by) < Ap

18: lem <— GET_RULEEXEC__LINK(Qem I> Temy - - - Temn, Ap)

19: ncm <— GET_RULEEXEC_NODE(QCW > Temy -+ TcmN, <@Lq, HrIDp>)
20: (L, Aq) < lem

21: return QUERYTT(Qem > Temy -+ Temn, Aq) ~ lem::nem

22: end function

Figure 33: Query algorithm for online compression execution that shares storage across equivalence classes

Algorithm COMPRESSEDT _T0_ PROVENANCETREE (Figure [34) recovers the provenance tree corresponding to a list of rule
provenances and is analogous to Algorithm COMPRESSEDS__TO_ PROVENANCETREE.
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1: function COMPRESSEDT__TO_PROVENANCETREE(yl ~ (lcm :: ncm), P, DB, ', eID, DQ)
2 if yl =[] then

3 (_, ruleargs,) < nem

4: rID :: te 12 vID7 i -+ i vID, ruleargsp

5: (* DQ[rID]) = p(Q¥,, Zp) :- e(Qle, Ze), b1 (Qle, Tp1), -+, bn(QLe, Tp1) *)
6: ev — RECOVER_ TUPLES(eID, DB, T")

7 Bj i -+ By < RECOVER__TUPLES(vID; :: -+ :: vID,, DB, T)

8: return (rID, P, ev, By :: -+ :: By)

9: else

10: (_, ruleargs,) + ncm

11: rID ::1g :: vIDy -+ 1t VID, 4— r‘uleargsp

12: By -+t By <~ RECOVER _TUPLES(vID; :: --- :: vID,, DB,T)

13: (* DQ[rID] = p(Q@ly, p) :-q(Qly, Ty), b1 (Qlg, Tp1),- -+ ,bn(Qly, Tp1) ¥)
14: Q@ < RECOVER__RULE__ TRIGGER(P, By :: - -+ :: Bn, 7ID, DQ)

15: trq < COMPRESSEDT _TO_ PROVENANCETREE(yl, Q, DB, T, eID, DQ)
16: return (rID, P, trq:Q, By :: -+ :: By)

17: end function

Figure 34: Algorithm to recover a provenance tree from an ordered list of rule provenances

H.2 Properties of rule provenance

To prove the correctness of query for both forms of online compression, we rely on the fact that every rule provenance
element has a unique identifier. We state and prove this in Uniqueness of Rule Provenance Identifier (Lemma . In order to
prove uniqueness, we defined a well-formness property for rule provenance elements. We say that a rule provenance element
ruleExec is well-formed when the unique identifier for each element is the hash the unique identifier of the previous rule
provenance element generated during program execution. We show that every rule provenance element ruleEzec (Lemma
derived by the online compression execution is well-formed.

H.2.1 Definitions

We define what it means for a rule provenance element ruleEzec to be well-formed.

Rule WF-HEQ

In the base case only one rule has been fired, thus there is no unique identifier for the previous rule fired. Instead, we
record the equivalence hash heq as an attribute of the unique identifier for the previous rule.

The rule associated with provenance element (Ap, ruleargs,, Ae) was triggered by an event tuple ev with equivalence
hash heq that joined with some slow-changing tuples By, --- , B,. To differentiate the unique identifier for the provenance
element representing execution of this rule from the provenance element using the same slow-changing tuples Bi,--- , By,
but triggered by an event tuple from a different equivalence class, we use heq as one of the attributes in the unique
identifier.

Rule WF-HASHPREV

The rule associated with provenance element (\,, ruleargs,,, Aq) was triggered by a derived fast-changing tuple P that
joined with some slow-changing tuples Bi,---, B,. To differentiate the unique identifier for the provenance element
representing execution of this rule from the provenance element using the same slow-changing tuples Bi,--- , B, but
triggered by an event tuple from a different equivalence class, we hash the unique identifier of the provenance element
associated with the previous rule executed.

equiSet - ruleEzec WF

heq € equiSet HrID, = hash(ruleargs,) Ap = id(Qee, HrID,, heq) Ae = id(0, 0, heq)
equiSet = (Ap, ruleargs,,, Ae) WF

WF-HEQ

equiSet = (Ag, _, ) WF Ap = id(@Qeq, HrID,, hash(Ag)) HrID, = hash(ruleargs,)

WEF-HASHPREV
equiSet = (A, ruleargs,, Aq) WF

H.2.2 Properties of the provenance when sharing storing within equivalence classes

Lemma[36]states that every rule provenance element ruleEzec stored in Cem is well-formed. Since Csn Re Cem, every ruleEzec
stored in Cem corresponds to part of a provenance tree ¢r stored in Csn.

In the base case when only one rule was fired, ruleEzec corresponds to ¢r. Therefore ruleFEzxec is the last element of the list
of rule provenances that corresponds to ¢r, so by Well-formness of the last element of a list of rule provenances (Lemma
it is well-formed. In the inductive case when multiple rules were fired, there are multiple rule provenances forming a chain
yl that correspond to tr. If ruleFxec is the last element in yl, Well-formness of the last element of a list of rule provenances
(Lemma to show that ruleEzec is well-formed. Otherwise if ruleEzec is not the last element in yl, there must a subtree
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trs where trs C tr and a subchain yl, where yl, C yl and ruleEzec is the tail of yl,, such that trs and yl, correspond. Then
again by Well-formness of the last element of a list of rule provenances (Lemma we see that ruleEzec is well-formed.

Lemma 36 (Well-formness of ruleEzec).
Osn>Ssny -+ Ssny Re Qem > Semy - - - Semn
implies
VruleEzec € vazl Semi. T
Uévzl Sem.equiSet - ruleExec WF

Proof.
Assume an > Ssnl e Ssn]\l 'Rc Qcm > Scml e ScmN.
By inversion on the rules for R¢ we have
Vi € [1, N], Ssny = <@Li, DQ,I',DB;,E;,Usn;, equiSeti, M, Mpr(m,-)
Vi € [1, N], Sem; = <@L¢, DQ,T,DB;, &, Uem, equiSet,;, T, Tpmvi>
ga s I'E an Ru Qcm
gﬁ Vi e [1,N], '+ Ulil Usni Ru Urfil Uem;
87 . Z/{cmF Q Qcm U LJ.:1 UCmi
Es =T, DQ Uen™ - U?V (M Ree UL, T
56 o F, DQ, I/{cmF, Ui\rzl Tl = Urf\]:l Mprovi Rprov Urf\]:l Tprovi.

i=

Pick any ruleEzec € vazl Sem;. Y.

By &s,
(x) 3trp:P € Ui, Mi, Jyl € U, T st
T tr~qyl
and ruleEzec € yl

We proceed by induction over the structure of try:P.

Base Case: trp, = (rID, P,ev, By :: -+ - :: By).
By (%) and the rules for ~gq,
(b1) yl = ruleExec
By (b1),
(b2) tail(yl) = ruleEzec
By Well-formness of the last element of a list of rule provenances (Lemma ,
(b2) Ufil equiSet,; - ruleEzec WF
The conclusion holds
Inductive Case: tr, = (11D, P, trq:Q, By :: -+ - :: By).
Subcase i: tail(yl) = ruleEzec.
By Well-formness of the last element of a list of rule provenances (Lemma,
(i1) Uf;l equiSet, + tail(yl) WF
By (il1) and since tail(yl) = ruleEzec,
(i2) va:1 equiSet,; - ruleEzec WF
The conclusion holds
Subcase ii: tail(yl) # ruleEzec.
By the assumption that ruleEzec € yl,
(ii1) Iyl C yl, Im € [1,|yl| — 1] s.t.

yl = yl :: ruleEzec :: ruleEzecy :: - - - :: TuleExec,
By (iil) and (%),
(ii2) T+ tr ~q yl :: ruleEzec :: TuleEzecy :: - - - :: ruleEzecy,

By repeated inversion on rule ~4-IND,
(ii3) 3r s.t.
[k fr~yg gjl o ruleEzec
and fr is a subderivation of tr,
By the Semi-naive transition rules and (ii3) and since tr,:P € Uil M,
(ii4) fr e L, M;
By Qsn>8sny -+ Ssny Re Qem > Semy - - - ScmN, (113) and (114),
we apply Well-formness of the last element of a list of rule provenances (Lemma to obtain
(ii5) Uil equiSet; - tail(yl :: ruleEzec) WF
By (ii5),
(ii6) Uf\;l equiSet, b tail(ruleEzec) WF
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The conclusion holds

O

Well-formness of ruleEzec (Lemma uses Well-formness of the last element of a list of rule provenances to show that all
rule provenances stored by Cem are well-formed. The proof uses the relation Csn Re Cem and induction over the structure of
a provenance tree in Csn.

Lemma 37 (Well-formness of the last element of a list of rule provenances).
Qsn>Ssny -+ Ssny Re Qem > Semy - - - Sempn
implies
Vir S vail Ssni.M, Vyl g Ujil S(:mi.T
Sum1.F [ tr ~d yl
implies
U?le Sem;.equiSet - tail(yl) WF.

Proof.
Assume an > Sﬁ‘"l e San Rc Qum > Scm1 e S('mN.
By inversion on the rules that derived the above,
Vi € [1, N], Ssny = <@Li7 DQ, I',DB;, &, Usni, equiSeti, M, Mprovi>
Vi € [1, N], Sem; = <@Li, DQ, F, DB“ gi,Z/{cmi, eqm’Seti, Ti, Tp7‘ovi>,
ga e P = an Ru Qcm
Es Vi€ [1,N], D F U, Usni Ru Ui, Uems
g,y s Z/[cmF g Qcm U U':lucmi
55 o F, DQ,Z/{(:mF = Uz‘:l MZ Rre U'f\;l Tz
55 o P7 DQ7quF7 UiV:I TZ [ Ui\;l Mprovi Rprov Ui\;l Tprovi.

Pick any tr € Uf\[:l M

We proceed by induction over the structure of ¢r.

Base Case: tr = (rID, p(Qup, ), e(Qre, o), b1 (Qle, Tp1) 2 -+ - 2 b (Que, Tpn ).
Pick any yl C vazl Sem;. T
Assume I' - tr ~q4 yl.
By inversion on the rules for ~4 we have the following constructs:
(b1) yl = tail(yl) = (\p, ruleargs,, Aq)
(b2) heq = EQuiHAsH(e(Qu,, 1), T)
(b3) Vi € [1,n], vID; TUPLEHASH(b (@Le,tbl) I)
(b4) ruleargs, = rID :: te :: vIDy i -+ - 1 VID,
(b5) HrID, = hash(ruleargsp)
(b6) A\p = id(Qcc, HrID,, heq)
By (b2)
b7) heg € U | equiSet,

By the above constructs we apply WF-1EQ to obtain:
(b8) U | equiSet, = (A, ruleargs,,id(0, 0, heq)) WF

By (bl) and (b8),
N . .
(09) U,_, equiSet, - tail(yl) WF

Inductive Case: tr = (rID, p(Qup, 1), tre:q(Qug, ty), b1 (Qug, tp1) - - - 2 b (Qlg, ton))-
Pick any yl C |\, Ti.
Assume I' - tr ~q yl.
By inversion on the rules for ~4 we have the following constructs:
(i1) yl = yl, = ruleEzecy :: ruleBzecy,
where ruleEzecq = (g, ruleargs,, Ap)
and ruleBzec, = (Ap, ruleargs,, Aq)
(i2) T F tre:q(Quq, ty) ~q yl, :: ruleErec,
(i3) Vi € [1,n], vID; = TUPLEHASH(bi(@Le,EE,i),F)
(i4) ruleargs, = rID :: 1 :: vIDy i1 -+ - 11 vID,
(i5) HrID, = hash(ruleargs )
(i6) A\p = id(Q@Qrq, HrIDy, hash()\q))
By the transition rules for Semi-naive evaluation,
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(i7) tre:q(Qug, ty) € UN, M;

Using the bisimulation and (i7), we apply I.H. to obtain:
(i8) vyl C UL, Ts,
Dk trq:q(Qug,tq) ~a yl
implies
UL, equiSet, - tail(yl) WF
By (il), (i2) and (i8),
(19) Ujvzl equiSet, & tail(yl, :: ruleEzecy) WF

By (i9), (i5), (i6), and (il),

Uf\;l equiSet,; b ruleEzecy
By (i1),

tail(yl) = tail(yl, :: ruleErecy :: ruleEBzec,) = ruleErecy
By the above and (i9),

the conclusion holds

O

Our online compression algorithm may store the rule provenances for the same execution trace on different nodes in the
network. In order to allow for querying of the complete provenance of a tuple, each rule provenance stores the unique identifier
of the previous rule provenance derived by the execution. Uniqueness of Rule Provenance Identifier (Lemma shows that
our constructs for the unique identifier of a rule provenance element allows us to uniquely identify that element.

Lemma 38 (Uniqueness of Rule Provenance Identifier).
an > Ssnl cee San Rc Qcm > Scm1 s ScmN
implies
VruleEzeca € Ui\]:1 Sem;. Y, VruleErecp € Ui\le Sem;. T,
ruleEzeca = (id(Qup, HrIDy, by), Tuleargs, 4, Aga)
ruleErecp = (id(Quy, HrIDy, by), ruleargs, g, AgB)
implies
ruleargs, , = ruleargs,p
and Aga = A\¢B

Proof.
Assume that an > Ssn,l e San Rc Q(:m > Sc’m,l e Scm]\].

Pick any ruleExeca, ruleFExecp € Uivzl Sem;. Y.
Assume:

ruleEBreca = (Ap, ruleargs, 4, Aga)

and ruleBzecy = (\p, ruleargs, g, Aqn)-

Our goal is to show that ruleExeca = ruleEzecp.

By Well-formness of ruleEzec (Lemma ,
(wfA) Ul\;l equiSet,; - ruleEzeca WF
(wiB) J,_, equiSet; - ruleEzecg WF

We proceed by inversion on (wfA) Ui\il equiSet; - ruleEzeca WF.

Case WF-HEQ.
By assumption
(a1) Aga = id(8, 0, heg.,)
(a2) hegy € va=1 equiSet,;
(a3) HrIDpa = hash(ruleargs,,)
(ad) A\p = id(Q@te,HrIDpa, heq )
Now by inversion on (wfB) vazl equiSet, b ruleEzecg WF, we have the following subcases:

Subcase WF-HEQ.
By assumption
(bl) Agp = id(D,0, hegg)
(b2) heqp € Ui\]:l equiSet;
(b3) HrID,p = hash(ruleargs,p)
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(b4) A\p = id(Quq,HrID,p, heqy)

By (a4) and (b4),
(b5) HrIDp4 = HrIDpp
(b6) heq, = heqg

Using the assumption that there are no collisions in hash:
By (b5) we have
(b7) ruleargs, o = ruleargs,p

By (b6), (bl), and (al),
(b9) Aga = AgB

By (b7) and (b9),
the conclusion follows
Subcase WF-HASHPREV.
By assumption
(b1) UL, equiSet; - (Aqp, _,_) WF
(b2) HrID,p = hash(ruleargs,p)
(b3) Ap = id(Q@uq,HrID, g, hash(AgB))

By (b3),
(b4) HrID,4 = HrID,p
(b5) heg, = hash(A\¢B)

By (b4) and the above constructs,
(b6) ruleargs, o = ruleargs,p

By (b1),
(b7) AqB & equiSet

By (a2) we have
(b8) heg, € vazl equiSet;

By (b5), (b7), and (b8),
we have a contradiction
The last rule the derived (wfB) Ui\;l equiSet; - ruleExecg WF was not WF-HASHPREV
Case WF-HAsSHPREV.
By assumption
(al) va=1 equiSet, = (Aga, _,_) WF
(a2) HrIDpa = hash(ruleargs,,)
(a3) A\p = id(@uq,HrIDya, hash(Aga))
Now by inversion on (wfB) vazl equiSet, b ruleEzecg WF, we have the following subcases:
Subcase WF-HEQ.
By assumption
(b1) Agg = id(0,0, hegg)
(b2) hegp € vazl equiSet,;
(b3) HrID,p = hash(ruleargs,p)
(b4) A\p = id(Quq,HrID,p, heqy)

By (b4),
(b5) HrID,p = HrIDpa
(b6) hash(Aqa) = hegg

By (al) and (b6),
(b7) hegp & UZV:I equiSet,

By (b2), and (b7),
(b8) we have a contradiction
The last rule the derived (wiB) |J
Subcase WF-HASHPREV.

N

=1 equiSet; = ruleEzecg WF was not WF-HEQ.
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By assumption
(b1) UL, equiSet; - (\qp, _, ) WF
(b2) HrID,p = hash(ruleargs,p)
(b3) Ap = id(Qcq, HrID, B, hash(A¢rB))

By (a2) and (b2),
(b4) HrID,4 = HrID,p

Since we assume there are no collisions in hash,
(b5) ruleargs, , = ruleargs,g

By (a3) and (b3),
(b6) hash(Aga) = hash(\¢B)

Since we assume there are no collisions in hash and using (b4),
(b7) Aga = Ag

By (b5) and (b7),
the conclusion holds

H.2.3 Properties of the provenance when sharing storing across equivalence classes

Lemma 39 (Uniqueness of lcm and ncm).
Qsn > Ssny -+ Ssny Re Qem > Semy - - - Sempn
and Qcm > S(zml s SumN ~NY R Qcm > Tcm1 e T(:mN
implies
([) Viema € Ui:l Tcmi.ﬁ, Viemp € Ui:l Tcmzuﬁ,
lema = (M\p, Aga)
and lemp = (A\p, A\¢B)
implies
AgA = A\¢B
and
(IT) Vnemy € U¢:1 Temi N, Ynemp € U¢:1 Temi N,
nema = ((Quq, HrIDy), ruleargs, 4)
and nemp = ({Quq,HrID,), ruleargs,p)
implies
ruleargs, , = ruleargs,

Proof.

Assume the following:
(Al) Osn>Ssny -+ Ssny Re Qem > Semy - - - Semn
(A2) Qem > Semq « - Semn ~r~vep Qem > Temy - Temn

By inversion (A2),
(1) Vi € [1,N], Semi ~~g Tem;
By inversion on (1),
(2) Vi € [1,N],
Scmi = <@LZ‘7 DQ, F, 'DBi, 5;‘7 Usni, equiSetm Ti, Tprovi>
and Tmm; = <@Li, DQ7 F, DB“ gi, Z/[snz, eqm’Seti, Ei,M, Tprovi>

Case (I): Proof that each element storing a parent-child relation has a unique identifier
Pick any lemy € Ui:1 Temi L.
Pick any lcmB S Ui:l Tcmi.[,.

Assume that

(i1) lema = (Ap, Aqa)

(i2) lcmB = <Ap,)\q3>
By (2),

(i3) JruleEzeca € UN:1 T; s.t. ruleExeca ~r~p (Ap, Aga)
(i4) FruleErecs € |J,_, Ti s.t. ruleErecy ~~¢ (Ap, \qB)

By inversion on (i3),
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(i5) ruleExeca = (Ap, _, Aga)
By inversion on (i4),
(i6) ruleExecs = (Ap, _, A\gB)

By Uniqueness of Rule Provenance Identifier (Lemma ,
ruleEreca = ruleExecp

By the above
(i7) Aqa = A\qB

By (i7),
(i8) lema = lemp
The conclusion holds

Case (II): Proof that each element storing the rule provenance arguments has a unique identifier
Pick any Vnemy € Ui:1 Temi N.
Pick any Vnemp € Ui:1 Temi N.

Assume that
(iil) nema = ((Quq,HrIDy), ruleargs, 4)
(ii2) nemp = ((Quq, HrIDy), ruleargs, g )

By (2),
(ii3) FruleEzeca € Ui\; T; s.t. ruleEveca ~~¢ ({Qiq, HrIDy), ruleargs, »)
(ii4) FruleEzecp € Uivzl T; s.t. ruleBzecs ~~¢ ({Quq, HrID,), ruleargs,p)

By inversion on (ii3),

(ii5) ruleEveca = (id(Quiq,HrIDy, ), ruleargs,,, )
By inversion on (ii4),

(ii6) ruleEvecp = (id(Quq,HrIDy, ), ruleargs,p, )

By (A1) we apply Well-formness of ruleEzec (Lemma to obtain:
(ii7) UN:1 equiSet, - ruleExeca WF
(ii8) J;_, equiSet, - ruleEzrecy WF

By (ii5) and (ii7) and the definition of well-formness
(ii9) HrID, = hash(ruleargs,,)

By (ii6) and (ii8) and the definition of well-formness
(ii10) HrID, = hash(ruleargs,p)

Since we assume no hash collisions, by (ii9) and (ii10):
(ii11) ruleargs,, = ruleargs,p

By (iil1) and the definitions in (iil) and (ii2):
the conclusion holds

H.3 Correctness of Query

Our goal is to who that we can recover all possible provenance trees for that tuple from the network configuration for online
compression that shares storage across equivalence classes. We formalize this notion as Correctness of QUERYT (Lemma .

We first show that given any tuple that is an instance of a relation of interest, we can recover all possible provenance trees for
that tuple from the network configuration for online compression that shares storage within equivalence classes (Lemma .
Next, we use the bisimulation relation between the two versions of online compression execution to show that every provenance
returned by QUERYS has a corresponding provenance returned by QUERYT and vice versa (Lemma. ‘We use this to prove
Lemma

H.3.1 Sharing storage within equivalence classes

We show that given any tuple derived by semi-naive evaluation, once the online compression execution that started out
in the same initial state terminates, then given the network configuration of the online compression execution that shares
storage within equivalence classes, QUERYS is always able to correctly query for the set of all provenance trees of that tuple.

Correctness of QUERYS (Lemma [40]).
QUERYS shows that given a network configuration for online compression execution with sharing storage within equiv-
alence classes, and there are no more updates to be processed, then for every provenance tree tr, for an instance of a
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relation of interest res that is derived by the semi-naive evaluation, when QUERYS is given the network configuration
and res as arguments, it results a set of rule provenances ProvSetS. Every element in ProvSetS is an ordered list of rule
provenances that can be used to reconstruct a provenance tree for res. Furthermore, one of the elements in ProvSetS
can be used to reconstruct tr,.

Because QUERYS calls QUERYSS to retrieve complete provenances, the proof uses Correctness of QuerySS (Lemma [41))
to show that given ¢r,:res relates to a list of rule provenances yl,. (I' I trr:res ~q yl,.), QUERYSS takes in the network
configuration for the online compression and a pointer to the last rule provenance element in yl,. and returns yl,. in its
entirety.

In certain constructs used in QUERYS, we write Sem1.I" to denote the declaration that maps all relations in the program
D@ to a type and its primary keys. Because every state in online compression and semi-naive evaluation stores the same
declaration, we could have chosen to write Sem;.I" for ¢ € [1, N] or Ssn;.I" for j in [1, N] to denote this declaration as well.
However, we write Sem1.I" as the network presumably has at least one entity.

Correctness of QUERYSS (Lemma [41]).

Given that the network configurations for Semi-naive evaluation and online compression execution relate, and Semi-
naive evaluation stores a provenance tree tr, for a tuple P, then if tr, relates to a list of rule provenances yl, T+
trp:P ~ yl,) then QUERYSS is able to retrieve yl, given just the network configuration and the unique identifier of the
last element in y,,.

The proof uses induction over the length of yI,. In the base case, yl, has only one rule provenance element, ruleEzecy.
QUERYSS uses the unique identifier of ruleEzec, to retrieve ruleErec, and returns. Since yl, = ruleEzecy, :: nil, QUERYSS
has successfully recovered yl,. For the inductive case, yl, has form yl, :: ruleEzecy, where yl, is a non-trivial list of rule
provenances corresponding to trq:Q, the direct subtree of tr,:P. QUERYSS uses the unique identifier of ruleEzec, to
retrieve ruleFzec,. We use the induction hypothesis to show that QUERYSS is then called with the unique identifier of
the last element of yl, and obtains yl,. The algorithm returns with yl, :: ruleEzecy.

Lemma 40 (Correctness of QUERYS).
Qsn > Ssny -+ Ssny Re Qem > Semy - - - Sempn
and Qem U Uiil SemiUem =0
implies
Vinterest(trr:res) c Uiil Ssni.Mprov

dProvSetS s.t.

QUERYS(Q(:m > Semyp - Sr:m,N, Tes, eID) = ProvSetS
and Jyl € ProvSetS

yl g Ui\;l Ssni,Mprov

and Sem1. T & try:res ~g yl

and Yyl € ProvSetS\yl,

EIinterest(tArT:Ares) S vazl Ssni. Mprov s.t.
Scml.r l_ t’/‘r ~d yl

Proof.
Assume
(1) QS" I> S:"'Tl,l A SS’ILN Rc Q(l"b ‘> S(l"’Ll A SC’IHN

(2) Qcm U Uivzl Z/l(tmi == @

By inversion on the rule that derived (1):

Vi
Vi

Ea
Es
&
Es
Ee

Pick
Call

S [1, N], Ssni = <@Li, DQ, ', DB;, &, Usni, equz’Seti, M, ./\/lp'rovi>
€ [1, N], Scmi = <@Li, DQ, F, DBZ, 57;, Z/[cmi7 equz‘Seti, Ti, Tprovi)
wI'E an Ru Qcm
. N N
Vi € [1, ]\7]7 '+ %:1 Usni Ru Ui:l Uem;
Z/{cmF - Oem U U'=1 Uem;
F, DQ,UcmF = Ui:l M1 Rre Uj\;l Tz
T, DQUen” |, Ti b U, Mprov; Rprov Ui, Trrov;.

any interest(trr:res) (S Ujvzl Ssni. Mprov
QUERYS(QCW > Semy - - ScmN, res, eID)

By assumption (2),
the are no updates left to be fired
the assertion on Line 2 passes

By the semantics of OBTAIN__RESULT__PROV and &,
(3) prov,. € Ui\]:l Yprov; s.t.

prov,. = (Qup, res, _, )
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and I, Uivzl T;  interest(tr,:res) ~prov PrOV,.

By inversion on the rules for (3),
(4) Jev, I, Tyl s.t.
ev = EVENTOF({r,:res)
and eID = hash(ev,T")
and prov, = (Q,, res, eID, \,)
and I' F try:res ~q yl,.
and tail(yl,):1 = Ar

By (3) and (4),
the list of tuple provenances [provy,--- , prov,,| returns by OBTAIN__RESULT _PROVENANCE is nontrivial
By a similar reasoning in (3) and (4),
(5) Vi € [1,m],
Iprov,.;, Jevs, Itres, I, Iyl s.t.
ev; = EVENTOF (iry;:res)
and eID; = hash(ev;, I")
and prov,; = (Qu,;, res, eID;, Ar;)
and I' F try;ires ~q yl,;
and tail(yl,;):1 = A\

By the rules for Semi-naive evaluation,
(6) Vi € [1,m], trri:res € UiV:1 Yprov;

We use the above constructs to apply Correctness of QuerySS (Lemma and obtain
(7) Vi € [1,m],
QUERYSS(QCTIL > Semy -+ Sum]\]7 Am) = try;:res
where I' & tr.;:res ~q yl,.;
and tail(yl,.;):1 = A\

By (5), (7), and the semantics of QUERYS,
(8) QUERYS(Q(:’HL > Semy - - ScmN, res, eID) terminates and returns ProvSetS
9)

( Vyl € ProvSetS,
Ifr, s.t.
~ N
yl C Ui:1 TiA N
and interest(tm:res) S Ui:l Tp'ru’u
and '+ fr,:res ~d g;l

By (4), (8), and (9),
the conclusion holds

Lemma 41 (Correctness of QUERYSS).
Qsn>Ssny -+ Ssny Re Qem > Semy -+ - Sempn
and trp:p(Qu,, t,) € Ullil Ssnj. M
and Tp g Ui\rzl Sum]‘.T
and Sem1.T F trp:p(Qup, tp) ~a yl,
and tail(yl,):1 = X,
implies
QUERYSS(Q(:HL > Semy -+ - Semn, )\p) = ylp

Proof.
Assume:
(1) Qsn>8sny -+ -Ssny Re Qem > Semy « - - Semn
(2) trp € Ui, Ssnj.M
3) Tp € U, Somy. T
(4) Scml.r = t?”p ~d ylp
(5) tail(yl,)):1 = A,

By (5),
yl,, contains at least one element
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We proceed by induction on the length of [yl,|.

Base Case: |yl | = 1.

By assumption
the last rule that derive (4) was ~4-BASE

By inversion on the rule we have the following constructs

(b1) trp, = (7ID, p(Qup, tp), e(Que, te), b1 (Qle, to1) = -+ - 12 bp(Qle, Ton))
(b2) heq = EQuiHASH(e(@te,t.),I")

(b3) Xe = id(0, 0, heq)

(b3) Vi € [1,n], vID; = TUPLEHASH(b; (Qte, £p:),T)

(b4) ruleargs, = rID :: te :: vIDy i -+ - 1 VID,

(b5) HrID, = hash(ruleargs,)

(b6) Ap = id(Q@te,HrID,, hash(heq :: HrID,))

(b7) yl, = ruleExecy, = (\p, ruleargs,, Ae)

By the semantics of QUERYSS and (b6)

when QUERYSS(Qcm > Semy - - Semn, Ap) is called

since Ap:3 & Ui\;l equiSet,,

the else branch of the if-else statement on Lines 12-17 is taken

By the semantics of QUERYSS, (b7), and (b3),
(b8) TruleFzec, s.t.
ruleBzec, = (\p, ruleargs),, \e)

and QUERYSS(QCW > Semy - - Scm]\/7 )\p) returns QUERYSS(QCW > Semi

By Uniqueness of Rule Provenance Identifier (Lemma 7

b9) ruleEzec, = ruleEzec
P P

By semantics of QUERYSS and (b2)

when QUERYSS(Qem > Semy - - - Semn, Ae) is called,

since A¢:3 € Ujvzl equiSet,,

the if branch of the if-else statement on Lines 12-17 is taken

By the above,
(b10) the empty list [] is returned

By (b8), (b9), (b10),

(b11) QUERYSS(Qem > Semy - - - Semn, Ap) returns ruleEzecy
Inductive Case: |yl,|=Fk+ 12> 2.

By assumption,
Jyl,, IruleEzecy s.t.
yl, = yl, = ruleBzecy
and |yl | =k >1
By the above,
the last rule that derived (4) was ~g4-IND
By inversion on that rule we have the following:

11) trp = (rID,p(@LPvFP)? trll:q(@quaI{)?bl(@Llﬁﬁ?l) EEE b"(@bqvtzn))

e '8<:mN,)\p)

(

(i2) yl, = yl, :: ruleErecq where ruleEzecq = (Aq, ruleargs,, Ap)

(i3) T F trg:q(Quq, ty)) ~a yl, : ruleBzec, W_}}GI‘G ruleBzecq = (g, ruleargs,, \p)
(i4) Vi € [1,n], vID; = TUPLEHASH(b; (Qie, tp;),T")

(i5) ruleargs, = rID :: Qi :: vIDy it -+ - 2t vID,

(i6) HrID, = hash(ruleargs,)

(i7) bp = hash((A\g:3) :: HrID,)

(i8) Ap = id(Quq, HrIDy, bp)

By (i8) and the semantics of QUERYSS

when QUERYSS(Q(:’NL > S(','m,l e ScmN, )\p) is called

since A\p:3 & Ui\il equiSet;,

the else branch of the if-else statement on Lines 12-17 is taken

By the above,

(i9) the return value is QUERYSS(Qem [> Semy - - - Semn, Aq) :: ruleEzec,
where ruleEzec;, = GETiRULEEXEC(Uf.\]:1 Ti, Ap)

By (i9) and the semantics of GET _RULEEXEC,

!
i ruleEzec,



(i10) ruleEzec;, € vazl T;
(i11) 3ruleargs,,, INg s.t.
ruleBzec, = (\p, ruleargs,, \q)

By Uniqueness of Rule Provenance Identifier (Lemma ,
(i12) ruleEzec;, = ruleEzecy

Since |yl,| =k > 1 and by (i3),
(i13) trq:q(Quq, t,) is nontrivial and there exists constructs such that
lrq = (TIan‘J(@Lq:Fq): trP:p(@Lﬂvfﬂ)vbﬂl(LINFﬂl) Hoeen il bpM(LPa{;Jm))
By the transition rules for Semi-naive evaluation,
(i14) trq:q(@Lq,{:]) € Ui\;l M,

By assumption Y, C Uj\rzl Sem;. T,
(i15) yl, :: ruleEzec, C Ujvzl Sem;. T

Using (1), (i3), (i14) and (i15) and by LH.,

(i16) QUERYSS(Qem > Semi -+« - Semn, Ap) = yl, +: ruleEzecy :: ruleBrec, = yl,
By (i9), (i12), and (i16),

(117) QUERYSS(QCm > Semyq - - ScmN, )\q) I ruleEmec;

H.3.2 Sharing storage across equivalence classes

We show that given any tuple derived by semi-naive evaluation, once the online compression execution that started out
in the same initial state terminates, then given the network configuration of the online compression execution that shares
storage across equivalence classes, QUERYS is always able to correctly query for the set of all provenance trees of that tuple.

Correctness of QUERYT (Lemma .

This is the key lemma that shows that we can recover all possible provenances for a tuple from the network configuration
for online compression that shares storage across equivalence classes. The proof relies on the fact that QUERYS and
QUERYT return equivalence sets of provenances as show in QUERYS implies QUERYT (Lemma .

Soundness of QUERYT w.r.t. QUERYS (Lemma [43)).

This lemma shows that given bisimular network configurations and the same tuple to query for, then QUERYS and
QUERYT will return equivalence sets of provenances given. The proof steps through the implementation of the Algorithms
QUERYS and QUERYT and shows that they perform analogous operations.

Soundness of QUERYTT w.r.t. QUERYSS (Lemma .

This lemma shows that given bisimular network configurations, the same tuple to query for, and the unique identifier
of the last provenance element for the derivation of that tuple, then QUERYSS and QUERYTT will return corresponding
provenances for the query tuple. The proof steps through the implementation of the Algorithms QUERYSS and QUERYTT
and shows that they perform analogous operations.

Lemma 42 (Correctness of QUERYT).
Osn>Ssny -+ Ssny Re Qem > Semy - - - Semn
and Qcm > Scml cee Sr:m]\] ~~ch Qcm > T(l’ml A Tr:m,N
and Qcm U Ui\;l T(:mi.u cm
implies
Vinterest(tr,:res) € Uil Ssni. Mprov
dProvSetT s.t.
QUERYT(Qem > Temy - - - Temn, res, eID) = ProvSetT
and 3ch € ProvSetT s.t.
ch g Uivzl Ssni.Mp’rrw
and Tem1.I' F tr,:res ~~, ch
and ¥ch € ProvSetT,
Hinterest(t}‘T:j‘es) S Ui\;l Ssni../\/lprov s.t.
Tcml.r = t?“r NNk Ch

Proof.

Assume the following:
(Al) Qs‘n I> SSTlrl tt S&TLN RC Qcm I> Sle tet SCTI'IN
(AQ) Qcm > Scml B ScmN ~rep Qcm > Tcml s TcmN
(A3) Qem U UYL, TemiUem
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By inversion (A2),
(1) Vi e [1, N], Semi ~r~s Tcmi
By inversion on (1),
(2) Vi € [1,N],
Semi = <@Li, DQ, F, 'DBZ, 5i,US'rzi, equz’Seti, Ti, Tprm;i>
and Tcml = <@Li, DQ, F, 'DBZ‘, gi, Z/{sni7 equz’Seti, [4'7./\/’1‘, Tprovi>
and Tz ~™ruleEzec 'Cly-/\/‘l

Using (A1) and (2) we apply Correctness of QUERYS (Lemma to obtain:
(3) Vinterest(tr,:res) € Uil Mprov;
JProvSetS s.t.

QUERYS(Qcm > Semy « - - Semn, res, eID) = ProvSetS

and Jyl € ProvSetS
yl Q Uivzl Mprovi
and ' tr.:res ~q yl
and Yyl € ProvSetS\yl,

Elinterest(t}rires) € AU?;I Mprov; s.t.
Scml.r I tTT ~d yl

Pick any interest(tr,:res) € Uil Mprov;.
We apply QUERYS implies QUERYT (Lemma to obtain:
(4) 3ProvSetT s.t.
Yyl € ProvSetS, 3ch € ProvSetT s.t. yl ~~cp ch
and Vch € ProvSetT, 3yl € ProvSetS s.t. yl ~~ ch
and QUERYT(Qem > Temy - - - Temn, res, eID) = ProvSetT

By (3) and (4),
(5) 3ch € ProvSetT s.t.
ch Q vazl Mpro’ui
and I' - tr:res ~~p, ch
and Vch € ProvSetT,
Jinterest(fr,:res) € vazl Mprov; s.t.
' try ~~cp ch

Lemma 43 (Soundness of QUERYT w.r.t. QUERYS).

Qam > Semi -+ - Sempn ~~eh Qcm > Tcml s Tcm]\]

and QUERYS(Qem 1> Semi - - - Semn, Tes, eID) = ProvSetS

implies

JProvSetT s.t.

Yyl € ProvSetS, dch € ProvSetT s.t. yl ~~y ch
and Ych € ProvSetT, 3yl € ProvSetS s.t. yl ~r~¢y ch
and QUERYT(Qem > Temy - - - Temn, 1es, eID) = ProvSetT

Proof.

Assume the following:
(Al) Qcm > Semi -+ - Sempn ~~eh Qam > Tcml s TcmN
(A2) QUERYS(Qem > Semy - - - Semn, Tes, eID) = ProvSetS

By the semantics of QUERYS and QUERYT,

(1) both call a function (OBTAINTUPLEPROVS and OBTAINTUPLEPROVT)
respectively that return an identical set of tuple provenances [prov,,- - , prov,,]
for the tuple res and event identifier eID
and Vi € [1,m], prov, = (Qi,, res, eID, A,)

(2) On Lines 4-7 of both functions, the unique identifier to enables querying for the complete provenance for each prov,
is retrived via QUERYSS and QUERYTT

(3) On Line 8, both functions return the complete set of rule provenances
that derived tuple res given the input event with identifier eID.

By (A2) and (2),

(4) For each prov, in [prov,,--- , prov,,],
QUERYSS(Qcm > Scml .o Scm]v, AT) = yli
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and QUERYTT(Qcm > Temy--- TcmN, Ar) = ch;
and T(:mi.l_‘ = yli el Chi

By (3) and (4),
The conclusion follows

Lemma 44 (Soundness of QUERYTT w.r.t. QUERYSS).
Osn>Ssny -+ Ssny Re Qem > Semy - - - Semn
Qem > Semq + - Semn ~r~vep Qem > Temi - Temn
and Qcm @] Uiv:l Tcnzi.ucm
and QUERYSS(Qcm > Semy -+ - Semn, Ap) =yl
implies
dch s.t.
QUERYTT(Qcm > Temy--- Tcm]\], Ap) = ch
and Tem1.T b yl ~~en ch

Proof.

Assume the following;:
(Al) an > Ssnl cee San Rc Qcm > Scm1 cee ScmN
(A2) Qcm > Scm1 s ScmN ~AY R Qcm > Tcml s TcmN
(AS) Qcm U Uivzl Tcmi]/hm
(A4) QUERYSS(QCW > Semyp - - ScmN, )\p) = yl

By inversion on (A2),
Vi € [1, N], Ssni ~orvs Tem;
By inversion on the above,
(%) Vi € [1, N],
Scmi = <@Li, DQ, F, DBi, 5i, Z/{sni, equiSeti, Ti, Tprovi>
and Tcmi = <@Li, DQ, F, DBi, Si, us7li7 equiSeti, Li7./\/:;, Tprovi>
and T ~~ruleErec ‘Cla-/\/;

We proceed by induction on the length of yl.

Base Case: |yl| = 0.
By assumption
(b1) yl =]
By (bl) and the semantics of QUERYSS,
Ar € Ujil equiSet,
By the above and the semantics of QUERYTT
(b2) ch =]
By the rules for ~~p,
(b3) [l ~~en []
By (b2) and (b3),
the conclusion follows
Inductive Case: |yl| =k + 1.
By assumption,
(1) [yl =k+1>1
(i2) yl C Uiil Ti
where 3yl, ruleEzec, s.t.
ruleEzec, = (\p, ruleargs,, Aq)
and yl = ﬁl :: ruleExecy
and ruleEzecy:1 = Ap
By the semantics of QUERYSS,
(i2) the else branch of the if-else statement on Lines 12-17 of QUERYSS was taken
(i3) the function finds ruleEzec;, and returns QUERYSS(Qem [> Semy - - - Semn, Ap) it ruleEzecy
where QUERYSS(QC’"L > Semy - - ScmN, )\p) = yAl

By (i5), when we call QUERYTT with arguments Qem > Tem1 -+ - Temn and Ap,
(i6) the else branch of the if-else statement on Lines 12-17 of QUERYTT is taken
By (i2) and the definition of rule provenances, ruleEzec, consists of the following constructs:
(i7) ruleEzecy, = (Ap, ruleargs,, \g) = (id(Quq, HrIDy,by), ruleargs,, Aqg)
where HrID, = hash(ruleargs,)

80



We use the above to define:
(i8) lem & (Ap, Ag)
(19) nem £ ((Quq, HrID,, ), ruleargs,,)
By (i6),
(i10) QUERYTT returns QUERYTT(Qem 1> Tems - - - Temn, Ay) ~ (lem” :: nem”)
where lem = (X\p, Ay) and nem = ((Qug, HrID,, ), ruleargs),)
By Uniqueness of lecm and ncm (Lemma,
(i11) lem’ = lem and nem' = nem

By (il) we have
lyll = k
Using (A1), (A2), (A3), (i3) and the above,
(i12) 3ch s.t.
QUERYTT(Qcm > Tcm1 cee 7—0771]\77 )\q) = C7L
and T«ml.F = yAl ek CAh
By (il1) and (i12),
(113) QUERYTT(Qcm > Tmru e 7’z:mN7 Ap)
= QUERYTT(QmL > Temi - Temn, Aq) ~> (lcm i ncm)
= ch~ (lem :: nem)
and Tem1.T' F yl ~~ey ch ~ (lem :: nem) where yl = yl :: ruleEzec,
By (i13)
the conclusion follows
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