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Abstract. This paper represents verification algorithms and register transfer level
(RTL) specification as algebraic aspects proposed to validate the results of RTL
synthesis. Major properties of this approach, the conception of an algebraic
semantics-based model (ASM), to be interpreted as a Chu space, is viewed as
an algebraic semantics foundation for the RTL formalization and the conception
of algebraic semantics-based specification automata (ASASPEC) are given for for-
mal correctness of the results of RTL synthesis. Approaching formal verification
is focused on functional equivalence examining to define if the algebraic RTL
automata (ASARTL) are equivalent to ASASPEC. To put it another way, the com-
parison is determined as an assessing that examines the synthesis algorithm is
produced an effective RTL specification.

Keywords: Algebraic semantics · Algebraic semantics-based model (ASM) ·
Algebraic semantics-based specification automata (ASASPEC) · Algebraic RTL
automata (ASARTL) · Big data in livestream (BDL) · Register transfer level
(RTL) · Stream calculus-based computing BDL · Control step (CStep) ·
Functional unit (FU)

1 Introduction

In recent years, several researchers ofmany areas have been analyzing techniques known
as partial order methods, which can obviously reduce the running time of formal valida-
tion by avoiding redundant exploration of executive scenarios [1, 4]. This paper performs
development an algebraic semantics-based model (ASM) for the RTL formalization and
via the algebraic semantics, proposes a formal verification approach to proving the result
correctness of RTL synthesis in stream calculus-based computing BDL. To put it another
way, approach of this paper is to model the behaviors using algebraic semantics as a
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foundation and utilize this model to construct attracting properties of the model that
should remain both at the behaviors and RTLs. After that RTL synthesis, this paper will
verify the same properties continue to remain for designing the RTL. In addition, two
achievable targets from this approach are accurately examining an RTL specification
regarding a behavioral specification, bisimulation of two RTL synthesis results of the
same algorithms.

In stream calculus-based computing big data in livestream (BDL), correctness vali-
dation is usually a hard and open problem in generally giving all researchers. It can be
done via two fundamental methods to be formal verification and simulation [1–6]. In the
formal verification approach, demonstrating of theorem and examining ofmodel are con-
sidered the most fashionable techniques to show whether the design of RTL synthesized
from the behavioral specification of algorithm is mathematically correct. Finding for-
mal verification approaches to supply exact and rapid validation clearly is a so valuable
goal. In the research [7], a categorical method (to be interpreted as algebraic semantics)
is utilized to build a vigorous formal basic for the contextual perception model (to be
interpreted as algebraic semantics-basedmodel) so as to acquire the algebraic semantics.

This paper is structured as follows. Section 1 presents introduction and objectives of
this paper. Section 2 overviews related work. Section 3 describes stream algebra and uses
some fundamental operators for BDL. Section 4 specifies algebraic semantics for RTL.
Section 5 describes verification algorithms for the results of RTL synthesis. Section 6
outlines conclusions and future work. Finally, there are references.

2 Related Work

Normally, a Chu space is a matrix over a set {0, 1}, to be interpreted as, an array whose
entries are drawn from {0, 1}. Formally, in [8–15], a Chu space is viewed as a binary
relation between two sets of events E and states S. It is written as a triple (E, S,R), in
which R : E × S → {0, 1} is the binary relation as a properties function of a E × S
subset.

Here, E and S are examined as two generic mathematical sets. Figure 1 gives some
Chu spaces examples. The E elements are symbolized by e0, e1, e2, e3, ...en, 0 ≤ i ≤ n
and the elements of S are symbolized by s0, s1, s2, s3, ...sm, 0 ≤ j ≤ m.

In [2, 3, 12], they have symbolized E as the events set and S as the states set. A
state is determined about an occurrence relation R(e, s) which is true where the event e
has happened in the states. Therefore, each state s is an E subset holding the events that
have happened in the states. Algebraic semantics is viewed as a Chu space C specified
by the triple(E, S,R), in which E = {e0, e1, e2, e3, ..., en}, 1 ≤ i ≤ n is an events set,
S = {s0, s1, s2, s3, ..., sn}, 1 ≤ i ≤ n is a states set, and R : E × S → {0, 1} represents
the occurrence relation, to be interpreted as, R(e, s) = 1 if the event e has happened in
the state s andR(e, s) = 0, otherwise. For anye ∈ E, each state si ∈ S = 2E is determined
in terms of R bysi = {e|R(e, si) = 1}.

The algebraic semantics in Fig. 2 has three events, {e0, e1, e2} and seven states
{s0, s1, s2, s3, s4, s5, s6}, and represents a system, where any event ∈ {e0, e1, e2} occurs
and according to data produced by event that one of the remaining two events will
happen. For example, in state s0, the event e2 has happened; s2 describes the state in
which e1 has happened after e2 or e2 has happened after e1.
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An algebraic semantics can be represented in a matrix, as a Hasse diagram or as a
logical formula [16, 17]. In the matrix description, each entry pair (e, s) holds the value
of the occurrence relation. Therefore, the matrix rows relate to the algebraic semantics
states and thematrix columns relate to the algebraic semantics events. In aHasse diagram,
an algebraic semantics is represented by the partial order existing between the states.
In the logical formula, the matrix is viewed as a truth table, the logical description
fD of the algebraic semantics D is determined by fD = ∨

0<i<n
(∧{e|R(e, si) = 1}) ∧

{∧e|R(e, si) = 0}, where n = |S| and e ∈ E and e is the complement of e.

Fig. 1. Chu spaces and its descriptions by matrix (a), (b) and (c).

In which, the events e ∈ E are seen as variables, the states s ∈ S are seen as in
terms of logical formula and the R relation defines either the variable is complemented
R(e, si) = 0 or not R(e, si) = 1. Logical formula f is true for each state s ∈ S which
is allowed in the algebraic semantics. From that, we are obtained an ASM in form
as follows ASM = (E, S,R), where E = {e0, e1, e2} holds the set of events, S =
{{e1}, {e2}, {e0}, {e1, e2}, {e0, e1}, {e0, e2}, {e0, e1, e2}} holds the states set, R(E, S) is
the relation between event E and state S represented by the binary matrix (see Fig. 2).

Some the fundamental relations between events as follows relations of independence,
precedence, conflict, and disjunctive enabling determined in [16–18] are used in this
paper.
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Fig. 2. Algebraic semantics and its descriptions

Relation (∇): The relation of independence (e0∇e1) describes the independent execu-
tion of two events e0 and e1 of every allowed state. To put it another way, all subsets of E
are effective states. Figure 3(a) presents the algebraic semantics and its relevant logical
formula.

Fig. 3. Some fundamental relations between the events of the states in Chu space

Relation (≺): The relation of precedence (e0 ≺ e1) represents the event occurrence e0
followed by the event occurrence e1. To put it another way, this precedence relation is
utilized to specify the sequential events execution. Figure 3(b) represents the algebraic
semantics and its relevant logical formula.
Relation (#): The relation of conflict (e0#e1) describes either the e0 event occurrence or
the e1 event occurrence. To put it another way, both the events e0 and e1 can never occur
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in e0 same computation of the algebraic semantics. Figure 3(c) represents the algebraic
semantics and its relevant logical formula.
Relation (den):The relation of disjunctive enabling den(e0, e1, e2) represents the occur-
rence of event e1 or e2 enabling the occurrence of e. In addition, this relation can be
used along with the relation of conflict to specify permission for events following the
lines of an if ...then...else statement. Figure 3(d) represents the algebraic semantics and
its relevant logical formula.

3 Stream Algebra for BDL

Stream algebra is represented as sets with operators. Handling the frames infinite
sequences is called streams as single entities, an algebra of streams is built in two
ways as in analysis, including stream differentiation and integration. In algebra, where
operators and establishes identities is computed [19, 20].

The stream algebra has been proposed in [21–25] consisting of some operators such
as the operators of merging, dropping, taking, zipping, splitting, copying, registering
and assignment [19]. A stream σ is defined by the function in the following.

σ : N → A
ω

Here, N = {0, 1, 2, 3, ...} is natural numbers set and A is set of frames. A frame may be
indicated as a framework, which holds of data types as text, image, audio, video, space,
time, geometry and so on. To be interpreted asσ = (σ (0), σ (1), σ (2), ...).

For formally defining stream, the stream derivative notation is used for a stream

definition as follows. For every integer n ≥ 0, with differential equation:
(
σ (n)

)′ =
σ (n+1), initial value σ(0). The initial value of stream σ is defined namely σ(0), and the

stream derivative signified by σ ′ and is defined by
(
σ (n)

)′ = σ (n+1), for any integers
n ≥ 0. To put it another way, the initial value and stream derivative equivalent the head
and tail of stream σ , respectively. The stream behavior σ includes two aspects, it enables
for the initial value inspection σ(0) and it can make a development to the new stream
σ ′, including the original stream from which the first element has been dropped. The
initial value of σ ′, which is σ ′(0) = σ(1), in its turn can be inspected, but note that we
had to move from σ to σ ′ first in order to do so. Now a behavioral differential equation
defines a stream by specifying its initial value together with a its derivative description,
which tells us how to continue.

Representing the fundamental definitions on streams that they will be used. More-
over, the authors of researches also propound a brief overview of a coinductive streams
calculus [22, 25. The streams set are defined over frames setA byAω = {σ |σ : N → A}.
The Greek letters σ, τ, γ, π, ε, ... are used to symbolize streams. Elements σ ∈ A

ω

are signified byσ = (σ (0), σ (1), σ (2), ...). The stream derivate of a stream σ is
σ

′ = (σ (1), σ (2), σ (3), ...) and the initial value of σ isσ(0). For n ≥ 0 andσ ∈ A
ω,

higher-order derivate is determined by σ (0) = σ andσ (n+1) = (
σ (n)

)′
. This paper

providesσ(n) = σ (n)(0).
In this paper, we use some fundamental operators for stream calculus-based com-

puting BDL in the research [19, 20, 25] calculated in Al algorithm the following
subsections.
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4 Algebraic Semantics for RTL

In this paper, an algebraic semantics for anRTL specification and a verification algorithm
(see Fig. 4(a)) have been developed for validating the results of RTL synthesis, using
the existing concepts covered in this section.

4.1 Events Set

Definition 1 (Computation). A finite actions sequence is a computation over E events
set and the computations set is symbolized by C(E).

4.2 States Set

Let S be the states set. State s ∈ S is determined by a transition relation T (e, si), also
sometimes denoted by si

e→ sj, where the event e ∈ E can make a transition from the
state si ∈ S to sj ∈ S. Therefore, each state sj is a subset of event E, holding the events
that can make a transition from the si. To be interpreted as:

sj =
{
e|e ∈ E : si e→ sj

}

To put it another way, the triple (E, S,T ) is an algebraic semantics.
For all ei in E and si inS, a computation of the ASM(E, S,T ) isT ={
e1, e2, e3, ..., en : s1 e1→ s2, s2

e2→ s3, ..., sn
en→ sn+1

}
. From this consideration, the con-

ception of algebraic automata is developed in the next subsections.

4.3 Algebraic Automata

Definition 2 (Algebraic automata). Algebraic automata are a triple A = (S, s0,T ),
where S is the finite states set, s0 is the initial state, T is a transition function from S ×E
into S

⋃{⊥}.
IfT (s, e) =⊥, no transition labelled by event e can be fired from states. Note that

⊥ can be considered as a sink state. A computation T = {e1, e2, e3, ..., en} is agreed
by the automata if there exists s1, s2, s3, ..., sn,∈ S such thatT (s0, e1) = s1,∀1 < i ≤
n,T (si−1, ei) = si. This is symbolized bys0

e1→ s1
e2→ s2...sn−1

en→ sn. If it is not the

case, there exists1 ≤ k ≤ n, the states sequence such thats0
e1→ s1

e2→ s2...sk−1
ek→⊥.

Such a path via automata is known as the automata run over the computation T . The
computations set agreed by A is symbolized by C(A). The four algebraic automata of
four CSteps include four states and such the four states respectively (see Fig. 4(a), 4(b)
and 4(c)).

The FUs are normally built into a library representation themap between its functions
and the related operators. The FUs can be implementations of single-purpose operators
or multiple-purpose operators with control input signals for choosing the desired for
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operators [19, 20]. In Fig. 4(a), the eight single-purpose FUs are required to implement
the nine operators of split, take, zip, drop, +, ·, :=, <> and � in the following.

In Fig. 4(a), it represents RTL of Al algorithm with four CSteps. CStep 0 performs
four operators as follows operators of taking, merging, splitting and copying. Then,
results are stored in two registers 1 and 2. Next, CStep 1 performs three operators as
follows operators of zipping, merging and dropping using values of two registers 1 and 2.
Then, results are stored in two reused registers 1 and 2. CStep 2 performs a comparison
using values of two registers 1 and 2 of CStep 1. Then, results are stored in reused
registers 1 or 2. Finally, CStep 3 performs an assignment operator using values of two
registers 1 or 2 from CStep 2, then sending result of assignment operator for output. In
Fig. 4(b), it represents matrixes with four CSteps and registers respectively, in particular,

representing State 0
(
sSe/Re0

)
to State 3

(
sSe/Re3

)
of CStep 0 with two registers and such

CStep 1, 2 and 3 also are represented. In Fig. 4(c), it is a visual graph that describes
matrixes in Fig. 4(b) representing algebraic automata for Al algorithm with four CSteps.

This paper presents now an algebraic automata product in Sect. 4.4 that permits
a more complex process modularity specification. In which, each sub-process can be
modelled by the algebraic automata and completeness process modeling can be acquired
by computing the algebraic automata product of all sub-process represented details in
the next section.

4.4 Algebraic Automata Product

This paper represents the two processes Se and Re that can be linked as in Fig. 5(a)

and 5(b). Let Se =
(
SSe, sSep ,TSe

)
and Re =

(
SRe, sReq ,TRe

)
be the two algebraic

automata that model the processes Se and Re, respectively. This paper defines algebraic
automata product of the two processes of Se and Re as Se × Re in order to model the
process attained by connecting Se to Re. For asynchronizing Se outputs with Re inputs
so that when a data moves on between Se and Re through a register then this transfer
must be occurred. This shows the determination of the Se and Re product, over the

similar event set E: Se × Re = (
S, sp,T

)
, in which S = SSe × SRe, sp =

(
sSep × sReq

)
,

where p, q are replaced for i, j, k, orl.

A transition relation T is determined in the way as follows. Let si =
(
sSei × sRej

)

be in state S and e in event E. If there exist sSei + 1 ∈ SSe and sRej + 1 ∈ SRe such that

TSe
(
sSei , e

) = sSei+1 and TRe
(
sRej , e

)
= sRej+1, we set T

((
sSei , sRej

)
, e

)
= (sSei+1, s

Re
j+1).

Otherwise, we set T
((

sSei , sRej

)
, e

)
=⊥.

Suppose that the output/input width Se is equivalent to the input/output width Re
respectively, so these processes can be linked each other in Fig. 5, in which Fig. 5(a)
is a matrix representing sixteenth states of four registers and then Fig. 5(b) is a visual
graph representing RTLs of sixteenth states with four registers. Each state in Se × Re
is a pair including a state from Se and a state from Re. The run of Se × Re over the
agreed computation T = {(1, 1, 0, 1)(1, 1, 1, 0)(1, 1, 1, 1)} is symbolized as below:

(
sSe3 , sRe0

)
(1,1,0,1)→

(
sSe3 , sRe1

)
(1,1,1,0)→

(
sSe3 , sRe2

)
(1,1,1,1)→

(
sSe3 , sRe3

)
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Fig. 4. The representation of algebraic automata for Al algorithm with four CSteps
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Fig. 5. Connection of the processes Se and Re and its algebraic automata product

This signifies that in the state
(
sSe3 , sRe0

)
on event (1, 1, 0, 1), the algebraic automata

product Se × Re carries out by executing Se from sSe3 and in parallel, executing Re
from sRe0 and in parallel, and so on.

4.5 Algorithms Equivalence

Let Al and Al
′
be two algorithms and A and A′

be their related algebraic automata. Al
and Al

′
are equivalent ⇐⇒ C(A) = C(A′

). To put it another way, the algorithms Al
and Al

′
are equal to each other if they cannot be separated by their external behaviors.

4.6 Algebraic Semantics

An algebraic semantics (known as algebraic aspects) can be explained as algebraic
automata with events set E and possible states set S. Going into a state s, the algebraic
automata execute some transitions over events to reach a substitute state of s. Each
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possible computation of the algebraic semantics relates to each run of the algebraic
automata and the algebraic semantics execution specifies the algebraic automata runs
set.

Algebraic automata in terms of an algebraic semantics model are represented by the
events setE and the events happen to each state, to be interpreted as, the transition relation
T . A further practical approach reply on relations between states is that each algebraic
automata are modelled as a relations set between states and for each such relation,
this paper has an algebraic semantics correspondingly. The algebraic semantics of each
relation between states is viewed as an algebraic automata characteristic. Therefore, a
combination of the characteristics results in the algebraic automata.

5 Verification Algorithms for the Results of RTL Synthesis

5.1 The Algorithm Steps

The verification algorithm steps are represented graphically in following Fig. 6. The
algorithm steps are viewed in the following.

Fig. 6. An algebraic semantics-based verification algorithm for the results of RTL synthesis

5.2 High-Level Language-Based Algorithmic Specification

An appropriate high-level language-based algorithmic specification is described, this
means that a program is generated in this step. A main job during this step is the actual-
ization of the modes of various scheduling. Thus, in the very-high hardware description
language example indicated in the Fig. 8, this paper has an Al algorithm with seven
events associated with the Al algorithm statements, where each statement is viewed as
an event.

This paper uses the udStreamsA algorithm in the [19] research to distribute its list of
events for the operators of merging, dropping, taking, zipping, splitting and assignment
[19] with single CStep in this algorithm to become Al algorithm below (see Fig. 7).
The diverse synthesis steps of stream calculus-based computing BDL are illustrated
via an example that maps input streams (σ, τ ∈ A

ω) onto the output streams tuples
(α, γ, ε ∈ A

ω) as defined by the algorithm specification, namely Al algorithm (Fig. 8).
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Fig. 7. An Al algorithm for four CSteps

Fig. 8. An Al algorithm and its list of events

Consider the synthesis of stream calculus-based computingBDLvia the above exam-
ple that computes the streams (σ, τ ∈ A

ω) and finally mapping the streams to outputs
α, γ and ε as determined by the Al algorithm (see Fig. 8).

5.3 Generating ASMSPEC

The major problem is the partial order specification creation of the program statements
generated in Sect. 5.2. To put it another way, this specification is utilized to show the data
dependency of statements necessary for the creation of the possible algebraic semantics-
based specification of the automata, namely ASASPEC. To fulfil this task, we need to
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refer to some fundamental relations between events, such as relations of independence,
precedence, conflict and disjunctive enabling, as described in Sect. 2.

In approach of this paper to create ASMSPEC, this paper utilizes the relations between
events. The relations can be extracted from the system specification given in a high-level
programming language as in Sect. 5.2. Let there be an Al algorithm with events set
E, together with R relations between events, which were extracted from that algorithm
specification in the following. In Fig. 8 (Al algorithm), the paper has seven events, where
e0 precedes e1, e0 precedes e2, e1 is independent of e2, e1 precedes e3, e2 precedes e3,
e3 precedes e4, e3 precedes e5, e4 and e5 are in conflict, and the execution of e4 or e5
enables the occurrence of e6. The combination of these gives us the algebraic semantics
for the Al algorithm above. Formally, ASMSPEC is described as:

ASMSPEC = {e0 ≺ e1, e0 ≺ e2, e1∇e2, e1 ≺ e3, e2 ≺ e3, e3 ≺ e4, e3 ≺ e5, e4#e5, den(e6, e4, e5)}

From the list of events of Al algorithm and dependency relation between the events
generated in ASMSPEC, such algebraic automata of the ASMSPEC is generated (Fig. 9).

Fig. 9. ASMSPEC automata (ASASPEC) of the Al algorithm

5.4 Result of RTL Synthesis

This is a result of RTL synthesis of the algorithmic behavioral specification. This result
is generated from the synthesis phase and is moved to the verification phase. The RTL
module [19, 26, 27] is defined by the following:
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Fig. 10. RTL automata of the Al algorithm

• Processing unit that holds the declaration of the components that make up the
processing unit.

• Control unit that determines the internal command sequence that must be emitted by
the control unit.

• Fixed assignment that determines an operation that must be repeated every clock
cycle.

The control unit is made up of steps. Each one is numbered and must be executed in
a single clock unit. The Fig. 10 shows this control unit for the Al algorithm.

5.5 Generating ASARTL

ASARTL Of this paper need to be created from the result of the RTL synthesis. Thus,
from the RTL synthesis of Al algorithm, as indicated in Fig. 10, ASARTL are generated
in the following (see Fig. 11).
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Fig. 11. Algebraic RTL automata (ASARTL) of the Al algorithm

5.6 Result Comparison and Discussion

5.6.1 Result Comparison Between ASASPEC and ASARTL

In comparing the ASASPEC and ASARTL, to verify the correctness of a result of RTL
synthesis needs to determine the following.

Definition 3 (Correctness of a result of RTL synthesis). An algebraic semantics-
based result of RTL synthesis is correct iff it satisfies all the algebraic specification
requirements.

Theorem 1. An algebraic semantics-based RTL synthesis result is correct iff C(RTL) =
C(SPEC) as definition 1 in Sect. 4.1. To put it another way, the computations set agreed
by RTL is equivalent to the set of all computations agreed by SPEC.

Proof. For the “if” part, when C(RTL) is equivalent to C(SPEC), then an RTL synthesis
result is correct according to definition 3. To demonstrate the “only if” part, this paper
needs to demonstrate that if C(RTL) �= C(SPEC), then the result of the RTL synthesis
is not correct. Therefore, there are two cases in the following.

• If C(RTL) ⊂ C(SPEC) then there exists a computational requirement T ∈ C(SPEC)\
C(RTL) that is not synthesized in the RTL result. By definition 3, the result of RTL
synthesis is not correct.

• If C(SPEC) ⊂ C(RTL) then the specification and RTL synthesis are not equivalent.
To take the consequence of this, their computing behaviors are distinctive. To put it
another way, the result of RTL synthesis is not correct.&#xF06F;
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5.6.2 Discussion

The considerations above show that if the synthesis algorithm has created an effective
RTL result and then comparing and contrasting are performed here as an assessing that
examines whether algebraic RTL automata are equivalent to algebraic automata. Indeed,
Fig. 9 and Fig. 11 show that C(RTL) = C(SPEC). Therefore, the formal verification
approach shows the correctness of the results of the RTL synthesis for the Al algorithm.

6 Conclusions and Future Work

This paper specified an algebraic semantics for an RTL specification and a verification
algorithm developed to validate the results of RTL synthesis. Major properties of this
approach, the conception of an ASM (to be interpreted as a Chu space) is considered
as an algebraic semantics foundation for the RTL formalization and the conception of
algebraic automata are devoted for formal correctness of the result of RTL synthesis.
This formal verification approach focused on functional equivalence examining to define
if the algebraic RTL automata (to be interpreted as ASARTL automata) are equivalent to
algebraic specification automata (to be interpreted as ASASPEC automata). For verifying
the correctness of a result of RTL synthesis, we have proved that the result using an ASM
is correct iff C(RTL) = C(SPEC). To put it another way, the set of all computations
agreed by RTL automata (to be interpreted as ASARTL automata) is equivalent to the
ones agreed by specification automata (to be interpreted as ASASPEC automata).

Furthermore, in software engineering, model-based verification (MBV) is viewed as
a systematic approach to find lacks in requirements, designs or coding. MBV integrates
a mathematical models form to offer an approaching logically analyzing rather than
a proof of correctness strategy. MBV requires generating crucial models of the system
behavior and analyzing these models based on formally representing of expected proper-
ties. Unfortunately, the specific techniques and engineering practices of applying MBV
to stream calculus-based computing BDL verification have yet to be fully explored and
documented. A number of challenges to the acceptance of MBV for stream calculus-
based computing BDL verification have been identified, including the lack of good
process support and tools for formal modeling and analysis. An essential ingredient of
stream calculus is recognized as the stream bisimulation conception, which efficiently
supports a stream calculus-based computing BDL approach to MBV.
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