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Performance Analysis of VLSI Programs

E. van de Sluis A.F. van der Stappen

Eindhoven University of Technology

Dept. of Mathematics and Computing Science
P.0O. Box 513, 5600 MB Eindhoven, The Netherlands

Abstract

The CP-0 programming language is described as an interface between the design
of a system and its implementation as a VLSI layout. Before its translation into a
VLSI layout, a CP-0 program is translated into a so-called handshake circuit. This
circuit is optimised and its speed and size are estimated. The translation method
and the optimisations are described. Furthermore, a formal method is introduced
to compare CP-0 programs, by estimating their size and speed when implemented
as handshake circuits. The method is applied to two CP-0 designs for dynamic
programming,

1 Introduction

A VLSI program is the description of a VLSI circuit in an algorithmic language [BK91].
It is the task of a silicon compiler to translate VLSI programs into VLSI layouts. The
language should be such, that VLSI programs can be written without any knowledge of
the underlying communication protocol or implementation medium. This has as advantage
that the programmer only needs to cope with the problem of writing a correct program
that satisfies a given specification. Given this specification, the programmer makes a design
of the VLSI program. This design step results in a network of Communicating Sequential
Processes (CSP). To specify the processes, a CSP-like notation is adopted (cf. [Mar86,
Pee90a, BK91)).

In general, there is not just one program that satisfies a given specification, but several.
Therefore, we need criteria to compare programs. In traditional programming, programs
are compared by estimating the amount of time and memory a program requires during
execution. This finds its analogy in VLSI programming, where we can compare programs
by estimating the size and speed of the programs, when implemented as VLSI layouts.

Just as performance analysis of traditional programs is done on an abstract, imple-
mentation independent level, we do not want to bother the VLSI programmer with the
intricate details of VLSI circuits. Therefore, the performance analysis method should be



based on the VLSI programs, and not on their translation to VLSI layouts. However, such a
method requires some knowledge of this translation to give useful results. So, what we need
is an interface between the (high-level) VLSI programming language and its translation to
(low-level) VLSI layouts.

In [BS88] and [BK91] Van Berkel et al. propose such an interface. They do not translate
VLSI programs directly to VLSI layouts, but use an intermediate representation. Their
approach is summarized in Figure 1.
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Figure 1: The development of VLSI circuits

A VLSI program consists of a number of concurrent processes that communicate via
message passing over common channels. Each process of a VLSI program is first translated
to an abstract or handshake circuit. Such a circuit consists of a list of basic or handshake
components. Via a number of channels, each component cormmunicates with other com-
ponents on the list, or with the environment of the circuit. In the second step of the
translation, each component is replaced by its corresponding implementation as a VLSI
circuits, and the overall layout is generated. In this step, also a test {race can be generated
to test a chip after fabrication.



In this paper, we introduce a method that estimates size and speed of single processes
of VLSI programs. This method is based on the translation of these processes to handshake
circuits, Therefore, our method is only useful to compare different VLSI processes, and
should not be used to estimate the actual size and speed of VLSI layouts.

This paper is organised as follows. In Section 2 we describe the CP-0 programming lan-
guage, which is a CSP-like language to specify VLSI processes. A complete CP-Q program
consists of a finite number of these processes that communicate via commmon channels of the
processes, We describe how CP-0 programs can be translated into handshake circuits. This
translation can result in rather inefficient circuits, so two post-optimisations are applied
to make them more eflicient. In Section 3 we present our (formal) performance analysis
method. This method results in formulae for both size and speed, which express the size
and speed of a VLSI process in size and speed estimates of the handshake components.
Given the formal framework of Section 3, it was straightforward to make an implemen-
tation of our method. This implementation was applied to the two different designs for
dynamic programming of [MS89]. The results of this comparison are given in Section 4.
We end this paper with some concluding remarks in Section 5. To illustrate the application
of our method, an example of a size and speed derivation is included in the appendix.

2 Translation and optimisation of CP-0 processes

We first describe in Section 2.1 the CP-0 programming language by giving a BNF-grammar.
Furthermore, we discuss how processes specified in this langnage can be translated into
networks of “components” that interact by handshake signaling. Such networks are called
abstract or handshake circuits (cf. [BS88], and [BK91]). The translation of CP-0 processes
requires a relatively small set of different handshake components, basically one for each
primitive concept of the language. This set of components is described in Section 2.2.
Given this set, we describe a translation method in Section 2.3. This method consists of
a sequence of syntax-directed decompositions until the level of the handshake components
is reached. This method can result in rather inefficient circuits. Inefficiences can be
eliminated by applying a number of post-optimisations. In Section 2.4 we describe two
possible optimisations. These optimisations are incorporated in our performance analysis
method of Section 3.

2.1 The CP-0 language

The CP-0 language was introduced by Van Berkel et al. in [BS88] as a notation for VLSI
programs. In this paper, we consider a restricted class of this language. The processes
that we consider are generated by the BNF-grammar of Table 1. In this grammar the
semicolon expresses sequential composition. The comma, which takes priority over the
semicolon, expresses concurrency. We have omitted any declaration part in this grammar,
but it should be noticed that all variables and constants must be declared locally, while
channels can be used to communicate with the environment of the process.



Program := StatList

StatList = Atom
| StatList ; ... ; StatList
| StatList , ... , StatList
| (StatList)"

Atom = Ass
| Ocomm
| Icomm

Ass = Var := Exp

Ocomm = Chan ! Exp

Icomm = Chan ? Var

Exp = Con
| Var

| ExpO..0OExp
Table 1: The CP-0 grammar

A sequence of statements S can be repeated n times by applying the so-called repetition
operator. This is denoted by S™.

At the heart of any CP-0 process lie the so-called atomic statements, or simply atoms.
From the grammar we see that we distinguish three kinds of atoms: input actions, output
actions, and assignment statements. With an input action, an incoming message on a
channel @ can be received in a variable z. This is denoted by a?x. With an output
action we can send an evaluated expression £ along a channel, as denoted by a!E. We
also have the Pascal-like assignment statement to assign an expression to a variable. An
expression consists of variables and constants, which can composed by binary operators
(e.g. addition). The binary operators are represented by the ‘O’ symbol.

2.2 The handshake components

The translation method of Section 2.3 consists of a sequence of decompositions until the
level of the so-called handshake components is reached. In this section we give a specification
of our set of components. For this specification we adopt the notation of [BS88]. The
implementation of components is discussed in [Kam90].

A specification of a handshake component is based on its interface to the external
world. This interface consists of a set of named ports. Ports are either passive or active,
depending on their role during a handshake. When a channel a connects two components,
then @ must connect an active port with an passive port. A communication is requested
by the active side of the channel and subsequently acknowledged by the other side. The
communication interval a* denotes the commmunication at the active side, and a° the com-
munication at the passive side of channel a. The active communication interval a* begins
with sending a request and ends with the receipt of the corresponding acknowledgement.
The passive interval a® starts with the receipt of the request and ends with the issue of an



acknowledgement. It is clear that the passive interval a° is enclosed in time by the active
interval a*.

Now, a specification of a handshake component consists of a specification of the comnmu-
nication intervals, which are either passive or active. A specification can be made according
to the following rules (cf. [Pee90b}):

e For communication channel a, a® is an active, and a® a passive communication inter-
val.

¢ If A and B are passive and active intervals respectively, then A : B denotes the
interval that starts with the receipt of requests on all channels in A, followed by
interval B, and ends with the sending of acknowledgements on all channels in A, We
say that B is “enclosed in time” by A. The communication interval A : B is passive.

e If A and B are intervals of the same activity, then A ¢ B defines an execution of A

and B such that the two intervals overlap. The interval A ¢ B has the same activity
as A and B.

s If A and B are intervals of the same activity, then A; B denotes the sequential order
of A and B. The interval is of the same activity as A and B.

¢ If A and B are intervals of the same activity, then A, B is the interval in which A
and B may occur in either order, but may overlap as well. The interval has the same
activity as A and B.

¢ For passive intervals A and B, A|B defines the execution of either A or B. The
environment makes the choice which interval is activated. No overlap of A and B is
allowed. The interval A|B is passive.

e For an interval A, A™ denotes the interval of the same activity in which A is activated
exactly n times.

e For an interval A, [A] denotes the interval of the same activity in which A is repeatedly
activated; completion of this communication interval will never occur.

Similar to [Peed0b], we divide the handshake components into three classes: the control
components, the data-manipulation components, and the data-control components.

In this paper, we distinguish four different control components. Their specification
is given in Table 2. Each control component has an activation channel a, which is used
to trigger the component. When triggered, control signals are sent according to their
specification.

The sequenceris a component that, after receiving a request via its a-channel, communi-
cates once over all its b-channels, in sequential order, and finally sends an acknowledgement
via its a-channel. It is used to implement the semicolon in CP-0 processes. The concursor,
when initiated via its a-channel, independently triggers its b-channels in any order. After



Name Specification Notation
sequencer | [a®: (B%;...;08_,)] | seq(k)

concursor | [a®: (83,...,b8_,)] | conc(k)
repeater | [a®: (6°)"] repy
mixer i(ag]...laz_q) : 8%} | miz(k)

Table 2: The control components

completion of communication on all #channels, the concursor sends an acknowledgement
via its a-channel. When triggered, the repeater component communicates exactly n times
via its b-channel, after which an acknowledgement is sent via its a-channel. The mizer
communicates via its b-channel if one of its a-channels is triggered; the choice is left to
the environment. However, the control communication on the & input channels must be in
mutual exclusion.

The data-manipulation components are used for the distribution, gathering, storage,
and operation of data. We distinguish six different data-manipulation components. They
are specified in Table 3.

Name Specification Notation
multiplexer [(ad?v]...|ad_,7v) : b*lv] muz(k)
demultiplexer | [(ad!v]...[as_,lv) : b*Tv] dmaz(k)
constant ¢ ewste,...,lews_ i) con(k)
variable z [z.rotzl([zwdlz],. .., [zwd_ilz])] var(k)
passivator [a°?v » b°l0] pass
k-ary oper. O | [a®?(voO...Ove_1): (B7v0 @ ... @b _ 7vi_q)] | O(k)

Table 3: The data-manipulation components

The multiplezer component is used to merge k data channels on one data channel.
The data cornmunication on the & input channels must be in mutual exclusion. The
demultiplezer is the counterpart of the multiplexer. It is used for the splitting of data on
k output channels. Communication is initiated by the demanding side. These demands
must be in mutual exclusion.

To allow storage of data, we have two handshake components. The constant is a
component that upon request on one of its c.w channels, sends its value over the same
channel, The variable can store data via its z.r channel, and send this data via one of its
z.w channels.

The passivaior is used as a connector for communication channels between two active
communication partners. It is used to connect the communicating channels of different
processes. In our translation method, the two sides of such channels are active, so they
cannot be connected directly.

Operators are used to perform operations on data. They have k input channels and one
output channel to communicate the result of the operation. The k-ary operator is triggered



by the input side. We do not have the reverse component, as in [BS88], i.e., where the
activities are reversed. ‘

There is only one data-control component, viz. the {ransferrer. Is is used to trigger
data flow by connecting a control component with two data-manipulation components. It
is specified as follows:

[a® : (B*Tv e c*Iv)].

The transferrer is denoted by irf. When triggered via its a-channel, its reads data via
its b-channel, and transfers this data via its e-channel.

2.3 The translation method

The first step in the translation of CP-0 processes consists of two program transforma-
tions. The first transformation concerns assignment statements z := F where = appears
in E. To avoid read/write conflicts, the following transformation must be applied to these
assignment statements (cf. [BS88]):

t:=FE = (20:=2; := E).

The second transformation concerns multiple occurrences of an expression F in a process,
where £ = Ey0...0F,_;. Due to the second optimisation that we apply (single realisation
of expressions, see Section 2.4), these occurrences cannot be evaluated concurrently, as for
instance in the process

(alz +y, blz + y).

This kind of processes has to be transformed such, that concurrent evaluation of the same
expression cannot take place. The example above could for instance be transformed to

(alz +y, bly +z) or (zy := z + y; alzy, blzy),

since z + y and y + z are considered different expressions, and concurrent read from the
same variable is possible. We note that, strictly speaking, a similar transformation has
to be performed with respect to the first optimisation of Section 2.4, i.e., single realisa-
tion of atoms. However, the reader can check that atoms that have multiple concurrent
occurrences can simply be replaced by a single occurrence.

We illustrate the translation of CP-0 processes with an example. This example is the
following process S, which is not a very meaningful process, but shows most features of
the CP-0 language:

S ={(alz, b?y; z:=(z max y); d{z +y + 2))"

Process S concurrently stores values from channels ¢ and b in variables x and y respectively,
then assigns the maximum of z and y to 2, and finally outputs the sumn of the three variables
via channel d. This process is repeated n times (n > 0}.

7



After application of the above program transformation, the following (informally de-
scribed) translation of a CP-0 process results in a circuit of handshake components. Such
a circuit is called a handshake circuit.

1. Make a parse tree of the process via a syntax directed decomposition. The result of
this step for process S is shown in Figure 2.

Figure 2: The parse tree of process S

2. Replace each node in the parse tree by its corresponding handshake component. For
the nodes that correspond with control and arithmetic operators, this step is straight-
forward. The input, output, and assignment symbols (‘7’, ‘') and “=’ respectively)
are replaced by transferrers. For process S, this step is depicted in Figure 3. From
this figure we see that the arcs of the parse tree are replaced by channels, which
connect active and passive ports of components. The active ports are indicated by
small filled circles, the passive ports by open ones.

3. Replace each leave in the tree by either channels, variables, or constants. If a variable
(constant} is read % times (k > 0} in the process, then a var(k) (con(k)) component
is introduced. Furthermore, if we write to a variable & times, with £ > 1, then we
have to place a muz(k) component in front of the variable. Similarly, if the process
contains k “writes” to a channel, then a muxz (k) component is also required. Finally,
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Figure 3: The parse tree of S after step 2



Figure 4: The handshake circuit of §
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for £ “reads” from a channel a dmz(k) component is introduced. For process .5, this
final step results in the handshake circuit of Figure 4.

For process §, we had to introduce three components: two var(2) components for
variables # and y, and a var(1) component for variable z. Note that for the trans-
lation of S no (de)multiplexers are required. In Section 2.4 we give examples where
(de)multiplexers are required.

Steps one and two in our method are similar to the command and expression decomposition
steps of [BS88]. Step three also consists of two steps in [BS88], and are called variable and
channel decomposition there.

The translation strategy above applies only to the translation of single CP-0 processes.
Remember that CP-0 programs consist of a number of these processes that communicate
over common channels. So, these programs can be translated by translating their processes,
and connecting their common channels. Since all channels are active in our translation,
this connection cannot be done directly. This problem is solved by making one adding
passivator components to these channels.

2.4 Optimisation of handshake circuits

In this section we discuss two possible optimisations that can be applied to a handshake
circuit that is the result of a translation as described in Section 2.3. These optimisations
concern multiple occurrences of atoms and ezpressions in a CP-0 process. Since these
introduce “expensive” data components in the handshake circuit, we want to realise them
only once, and realise multiple invocations by introducing “cheap” control components.
The optimisations are described in subsequent sections, and are illustrated with small
examples.

2.4.1 Single realisation of atoms

Suppose we have a CP-0 process that contains the atom a!z three times, and the atom aly
just once. Here we assume that these atoms occur in mutual exclusion. When we follow
our translation method, the data-flow of these statements would result in a circuit as given
in Figure 5. Notice the demultiplexer (dmz(4)) for the multiple writes to channel a.

Figure 6 shows a different translation of the same program. It is not difficult to see
that this circuit performs the same function. Since we replaced a considerable part of the
area-consuming data components by less expensive control components, this translation
yields a considerable reduction of the size (area) of the circuit, especially when a large
wordlength is used (e.g. 16 bits).

Above, we have only discussed the optimisation for an output action. It is not difficult
to see that for the other atoms (input actions and assignments) similar optimisations
can be applied, which means that demultiplezers can be smaller, or sometimes disappear
completely.

11



where
(E) = 0 EeVaruCon
YT GdmopuEn + @e(E) E=EO...0 B,y
and
oe(E) = 0 FeVaruUuCon
T agm + (Bii0<i<n:al(E) E=sE0..0FE,,

We assume that @uy1) = @dmaz(1) = Gmiz) = 0.

3.3 Speed estimates

The timing analysis for the optimised realisation is based on the syntax of the process. An
estimate for the ‘speed of a CP-0 process’ is given by a function 7 : (StatListU Exp) — R.
Here we mean by the speed of a CP-0 process the time that is spent within the handshake
components. So, no delays are included for wires or communication with the environment.

The speed estimates for sequential composition, concurrent composition, and repetition
is rather straightforward. They equal the internal switching time of the (control) compo-
nent, plus a speed estimate for the statements that are activated. Since we assume that
the statements in a concurrent composition are executed in parallel, this estimate equals
the mazimum of all the speed estimates of these statements.

The speed estimates for input actions, output actions, and assignment statements de-
pend on the multiplicity functions. If, for example, an atom appears n times, n > 1, in a
CP-0 process S then the speed estimate for this atom is increased by a delay #,i5(n) for
an n-ary mixer. A delay ¢,y is always included for a transferrer. In case of an n-ary write
to a single variable or a single channel, a delay #,,4z(n) is added. Similarly, we add a delay
tamz(n), in case of a n-ary read from a single channel. A delay #.c.4(n) is added in case of an
n-ary read from a variable or constant. Similarly, the delay for writing to a n-ary variable
is denoted by tyrie(n). As will be explained in Section 4, variables can be implemented
such, that the write delay depends on the number of read ports of a variable.

For expressions, we assume that the evaluation of all operands of an n-ary O expression
(e.g. an n-ary sum) start at the same time. A delay t4z(n) is added for a multiplicity n of
each expression. When we denote the delay in component O(n) by fn(,), we can now give
the definition of speed estimate function 7.

Definition 3.12 (Speed estimate function 7)

tseq(n) + (Ei <1 <n: T(S,-))
T(So, vy 1) = teone(n) + (MAX2 :0<1<n: T(S,))
trepn + 10 7(S)

20



optimisation again with an example. Consider the following CP-0 process:
(alz+y; blz+y)

With our translation method, the data-flow part of this process is translated to the circuit
of Figure 7. We see that the area-consuming addition operator is duplicated.

Figure 7: Two additions with two addition operators

In Figure 8 another translation for the same program is depicted. With respect to area,
this circuit is an optimisation, since we need only one addition operator. However, the
introduction of a demultiplexer means that the circuit is slower. We decided to apply this
(area) optimisation, since we think that in this case the loss of speed is neglectable when
compared with the gain in area.

)

DMX(2)

o

b -

Figure 8: Two additions with just one addition operator

Note that a demultiplexer requires the demanding sides to be in mutual exclusion. For
multiple invocations of expressions, this is guaranteed by our second program transforma-
tion of Section 2.3.

13



Note also that this optimisation is applied only if complete expressions on the right
hand sides of output or assignment statements are duplicated. So, we apply no common
subexpression elimination, which is suggested in [Mak90] as an optimisation.

3 Performance analysis of CP-0 processes

Now that we have a unique translation for an arbitrary CP-0 program into its optimised
realisation, we can use this translation for the performance analysis of CP-0 programs. The
method that we describe in this section is only applicable to single CP-0 processes. To
derive size and speed estimates for complete CP-0 programs, we have to add size and speed
estimates for the passivators, which are necessary to connect the communicating channels
of the processes.

In order to give the formulae for speed and size estimation, we need to define a number
of sets and functions that formalise the notions of different atoms and multiple read/write
that are used in the description of the translation strategy. This will be done in Sec-
tion 3.1. Then in Section 3.2, we present our method to estimate size of CP-0 processes.
In Section 3.3, we give our method for speed estimates. The method expresses the size
and speed estimate of a process in estimates for the handshake components that are used
in the translation of the process. Therefore we give in Section 4 the size and speed of each
handshake component. We conjecture that the values we give are not very realistic, but
they are necessary to show an application of our method in Section 4.

In this section we use the following notation:

e 5, S0,...,5,_1: statements, denoted by S, Sy, ..., S.—1 € StatList,
o E FEy,...,E,._;: expressions, denoted by E, Ey, ..., FE,_, € Ezp,
e r,y: variables, denoted by z,y € Var, and

e a: a channel, denoted by a € Chan.

The number of elements of a set X is denoted by {X|. The formal framework that we
introduce in Section 3.1 consists of the definition of a number of recursive functions. One
of the arguments of these functions is a statement (an element of StatList). As a notational
convenience, we allow ourselves to omit this argument when we give a complete process as
an argument.

3.1 The formal framework

The first step of the translation strategy is the realisation of all variables, constants and
channels in the CP-0 process. We introduce a function ChanSet : StatList — P(Chan).
Set ChanSet(S) contains all channels that are used in CP-0 process S.

Definition 3.1 (ChanSet)

14



ChanSet(alz) = {a}

ChanSet(alE) = {a}

ChanSet(z := F) =0

ChanSet(So;...;84-1) = (Ui : 0 £ i < n: ChanSet(S;))
ChanSet(So,...,S-1) = (Ui : 0 < i < n: ChanSet(S))
ChanSet(S™) = ChanSet(S)

O

A second function VarSet : StatList U Ezp — P(Var) gives the set of all variables and
constants that occur in a process.

Definition 3.2 (VarSet)

VarSet(alz) = {z}
VarSet(a!E) = VarSet(F)
VarSet(z := E) = {z} U VarSet(E)
VarSet(So;...; 54-1) = (Ui: 0 <i<n:VarSet(S;))
VarSet(Sg, ..., Sa1) = (Ui: 0 <i<n:VarSet(S:))
VarSet(S™) = VarSet(5)
{E} EeVaruCon
VarSet(F) = { (Ui:0<i<n:VarSet(E)) E=E,0...0F,_,

a

The second step of the translation strategy realises all different input actions, output
actions, and assignment statements in a CP-0 process S. Let AtomSet : StatList —
P(Atom); AtomSet(S) is the set of all input actions, output actions, and assignment
statements in 5.

Definition 3.3 (AtomSet)

AtomSet(aTx) = {alz}
AtomSet(alE) = {a!E}
AtomSet(z :=F) = {z:=F}

AtomSet(Sp;...;8-1) = (Ui : 0 <t < n: AtomnSet(S;))
AtomSet(So,...,8-1) = (Ui : 0 <7 < n: AtomSet(S;))
AtomSet(5™) = AtomSet(S5)

O
Function EzpSet : StatList — P{Ezp) computes the collection of right-hand sides of

assignment statements and output actions. However, only right-hand sides that contain
operators are included in the collection. The function is defined as follows:

15



Definition 3.4 (ExzpSet)

EzpSet(a®z) =0
/] EcVaruCon
EzpSet(alE) = { {E} E=E,0...0E,,
0 EeVaruCon
EzxzpSet(z := E) = { {E} E=E0...0E,,

EzpSet(So;...;8:-1) = (Ui : 0 £ ¢ < n: EzpSet(S;))
EzpSet(So,...,8-1) = (Ui:0<i < n: EzpSet(S))

EzxpSet(S™) = FzpSet(S)
|

These four sets facilitate the definition of functions that express the multiplicity of read
and write operations from/to variables and channels, and the multiplicity of atoms (input
actions, output actions, assignment statements) in CP-0 processes. These functions offer us
the possibility to count the number and determine the arity of multiplexers, demultiplexers,
variables, constants, and mixers. The multiplicity functions are denoted by ‘#’ symbols.
First we give two functions for the multiplicity of channels; #+, #: : Chan x StatList — N
They are defined as follows:

Definition 3.5 (Chaennel Multiplicities)

Let a € Chan. Then:

#2(a,5) = [{z:z € VarSet(5) A a?z € AtomSet(S) : z}|
#1(a,S) = |{z:z € VarSet(S) A alz € AtomSet(S) : z}|
+
{E : E € EzpSet(S) A alE € AtomSet(S): E}|
d

To compute read and write multiplicities of variables (and constants), we next define
#. 1 Var x StatList — N, and #, : (Var UCon) x (StatList U Ezp) — N. Note that we
do not distinguish between variables and constants and consider a constant as a variable
with a zero write multiplicity, so without a write port.

Definition 3.6 (Read and Write Mulliplicities)

Let 2 € Var U Con. Then:
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#uw(z,S) = H{a: a € ChanSet(S) A a?z € AtomSet(S) : a}|

+

[{y:y € VarSet(S) Az :=y € AtomSet(S): y}|

+

[{E : E € EzpSet(S) Az := E € AtomSet(S): E}
#.(z,5) = H{a:a € ChanSet(S) A alz € AtomSet(S): a}|

Hy:y € VarSet(S) Ay := z € AtomSet(S): y}|

(XE : E € EzpSet(S) : #.(z,E))

n
+
Where:
1
#.(z,F) = 0

EeVarUConAz=F
EeVarUConAz#£ E

(Zi:0<t1<n: #:(z,E)) E=ED...0F,,

O

Function # : Atom x StatList — N gives the multiplicity of each atom in a CP-0 process.

Definition 3.7 (Atom Multiplicities)

Let ¢ € Atom. Then:

#(g,alz)
#(g,0'E)
#(g9,z:= E)

#(9,50; .- 3
#(g, SO-; sy
#(g,5")

g=a’z
g # alz

g=alE
g#aFE

O

Function #. : Exp x StatList — N gives the multiplicity of each expression in a CP-0
process. With the definition we have to be careful not to count expressions more than
once when they appear in atoms that have several occurrences. For this purpose we use
function AtornSet in the definition.

Definition 3.8 (Ezpression Multiplicities)
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Let E € ExpSet(S). Then:

1 S = (alE)
#(E,S) = (1] gz (;c?:; E)

(Xg : g € AtornSet(S) : #.(F,g)) otherwise

3.2 Size estimates

The multiplicity functions make it quite easy to give the number and arity of multiplexers,
demultiplexers, variables (constants), and mixers in a translated CP-0 process. The func-
tions are defined in a way that takes into account the optimisation of single realisation of
atoms and expressions. Our size estimates ‘only’ include the handshake components that
are used in a CP-0 process, not the wires that are used in an actual VLSI layout. This is
because we do not have any knowledge at this level (the level of the VLSI programmer)
about this layout.

The number of occurrences of control components in the realisation of a CP-0 process 5,
and the arities of these occurrences depend on the structure of S. They are not influenced
by our optimisations. The estimate for the total size of all elements of these components
in S will be given by a.(S5).

In contrast to the control components, the number of occurrences and the arities of
data manipulation components and transferrers are influenced are influenced by our opti-
misations. The estimate for the total size of all these components is given by a4(S). The
size estimate a(S) for a process S is the sum of both estimates «.(.5) and ay(S5).

Definition 3.9 (Size estimate function o)

O

Function a : StatList — N depends on the syntactic structure of the process. It gives
the total area of all repetitors, sequencers, and concursors. The definition of «. is straight-
forward. We denote the area of a handshake component p by a,.

Definition 3.10 (o)

Let g € Atom. Then:

ac(g) =0

ac(So;.. . 18m-1) = Gaegny T (21:0 <2 < nt e (S))
ac(SO,- . an—l) = Qeone(n) + (Ez 0<i<n: ac(S:'))
oe(S™) = Grepe + @e(5)
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0

Function ay : (StatList U Ezp) — N is somewhat more complex. It does not depend on
the syntactic structure of the process, but uses the multiplicity functions. In order to give
a formal definition of a; we need to examine the number of occurrences and arities of each
of the remaining handshake components.

e Variables
The realisation of a CP-0 process S contains a var(#.(z)) component for each z €

VarSet(S) N Var, and a con(#,(z)) for each z € VarSet(S)n Con.

e Multiplexers
The realisation of S contains a muz(#:(a)) for each ¢ € ChanSet(S), with #i(a) > 1,
and a muz(#.(z)) for each z € VarSet(S), with #.,(z) > 1.

¢ Demultiplexers
The realisation of S contains a dmz(#:(a)) for each a € ChanSet(S),#:(a) > 1
and a dmz(#.(E)) for each E € EzpSet(S) of the form £ = Ey0...0FE,_; and

#(F) > 1.

e Transferrers
The realisation of S contains a irf for each g € AtomSet(S5).

¢ Mixers
The realisation of S contains a miz(#(g)) for each g € AtomSet(S), with#(g) > 1.

e Arithmetic operators
For each E € EzpSet(S) of the form £ = E, O ... O E,_; with, n > 1, the
realisation of CP-0 process S contains a O(n) component.

Combining these results we can easily deduce the following definition for ay:

Definition 3.11 (oy4)

o

aq(S) = ¢ € ChanSet(S) : amus(ity(c)) + Cdma(#:(c)))

8

:z € VarSet(S) N Var : apus(n(=)) + Cvar(#e(E)))
:z € VarSet(S) N Con : teongi. (£)))

g € AtomSet(S) D Quir(#(g)) T G.grf)

STt ST TS
L~ &

E: E € ExpSet(S): aq(E))
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where
(E) = 0 EeVaruCon
YT GdmopuEn + @e(E) E=EO...0 B,y
and
oe(E) = 0 FeVaruUuCon
T agm + (Bii0<i<n:al(E) E=sE0..0FE,,

We assume that @uy1) = @dmaz(1) = Gmiz) = 0.

3.3 Speed estimates

The timing analysis for the optimised realisation is based on the syntax of the process. An
estimate for the ‘speed of a CP-0 process’ is given by a function 7 : (StatListU Exp) — R.
Here we mean by the speed of a CP-0 process the time that is spent within the handshake
components. So, no delays are included for wires or communication with the environment.

The speed estimates for sequential composition, concurrent composition, and repetition
is rather straightforward. They equal the internal switching time of the (control) compo-
nent, plus a speed estimate for the statements that are activated. Since we assume that
the statements in a concurrent composition are executed in parallel, this estimate equals
the mazimum of all the speed estimates of these statements.

The speed estimates for input actions, output actions, and assignment statements de-
pend on the multiplicity functions. If, for example, an atom appears n times, n > 1, in a
CP-0 process S then the speed estimate for this atom is increased by a delay #,i5(n) for
an n-ary mixer. A delay ¢,y is always included for a transferrer. In case of an n-ary write
to a single variable or a single channel, a delay #,,4z(n) is added. Similarly, we add a delay
tamz(n), in case of a n-ary read from a single channel. A delay #.c.4(n) is added in case of an
n-ary read from a variable or constant. Similarly, the delay for writing to a n-ary variable
is denoted by tyrie(n). As will be explained in Section 4, variables can be implemented
such, that the write delay depends on the number of read ports of a variable.

For expressions, we assume that the evaluation of all operands of an n-ary O expression
(e.g. an n-ary sum) start at the same time. A delay t4z(n) is added for a multiplicity n of
each expression. When we denote the delay in component O(n) by fn(,), we can now give
the definition of speed estimate function 7.

Definition 3.12 (Speed estimate function 7)

tseq(n) + (Ei <1 <n: T(S,-))
T(So, vy 1) = teone(n) + (MAX2 :0<1<n: T(S,))
trepn + 10 7(S)
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7(2 := E) = tnus(#tulz)) T Luwrite(# (=) T LT

Lmiz(#(z:=R)) + irggg#i(fjlw( #o(E)) g‘ i‘;:;%).(.j;%n-l
T(@E) = tmusie) Tt + tmicE)y + i’(}‘_ﬁﬁﬁ‘fjjw(#ewn g i 11{7:!;%}..0;%"_1
7(a?2) = tima(ir(@) Tty t bmus(#u(e)) T Lurite((#0(2)) T Emis(#(ata))
Where:
H(E) = { tyead(din(E)) | . . E S Var uCon
togm) + (MAXi:0<i<n:7(E)) E=E 0...0E,

3.4 Size and speed of the handshake components

When we apply our performance analysis method to a CP-0 process, this results in two
expression: one for the size, and one for the speed of the corresponding handshake circuit.
To get actual speed and size estimates, we have to substitute in these expressions the values
for the size and speed of the handshake components. Clearly, these values depend on the
design and implementation of the components. The components can be designed as single
standard cells that consist of transistors (cf. [BK91]). Important factors that influence the
size and speed are the design of these cells and the IC-technology that is used for their
implementation. We only touch upon the design decisions that we made with respect to
our set of handshake components.

In Table 4 the size and speed estimates for our set of handshake components 1s given.
Since the goal of our performance analysis method is to compare different CP-0 processes,
we express the size and speed in the abstract measures “F” and “T™ respectively.

We decided to implement the sequencer as a binary tree of seq(2) components. The size
and speed of this components is estimated as F' and T, respectively. The concursor, mixer,
(de)multiplexer, and the operator components are implemented similarly, but the size
and speed may differ somewhat. Note that the size of the data-manipulation components
depend not only on %, but also on the wordlength that is used. Note also that the sequencer
the shape of the binary tree does not influence the speed, whereas for the other components
it does. For these components (i.e., the concursor, mixer, (de)multiplexer, and operator)
the speed is proportional to the depth of the tree. Since the depth of a binary tree with
k leaves (k > 1) lies between [log k] and & — 1, the lower and upper bounds on the speed
of the components follow. We decided to take the lower bound for the mixer and the
(de)multiplexer, while the upper bound was taken for the concursor and the operator.

The estimates for the repetitor, constant, passivator, and transferrer are due to [Mak90]
and [Sch91]. Note that the speed and size of a rep, component is assumed to be indepen-
dent of n.

Furthermore, a variable component var(k) is implemented such, that delay of a read
action is independent of k. However, the delay of a write action dees depend on k. Accord-
ing to [Sch91], a variable is implemented such, that on a write action the written values is
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| Component | Size i Speed
seq(k) (k-1)-F (k—1)-T
cone(k) (k-1)-F (k-=1).T
rep, F T
miz(k) (k—1)-F [logk] - T
muz (k) (k=1)- Ffbit [logk] - T
dmz(k) 2(k — 1) Fftnt [logk]-T
con(k) (1.25 + 0.75k) - F'/bit | T

. tread k) = T

var(k) (1.25 + 0.75k) - F/bit { twi(i) _Tlog(k+1)] - T
pass 2. F/bit T
o(k) 3(k—1)- F/bt (k—1)-8T
trf 0F T

Table 4: Size and speed of handshake components

distributed to the k read ports. Again this distribution is done by using a tree, which is
assumes to be balanced, resulting in a lower bound on the delay.

We do not know whether the values of Table 4 are realistic. Currently, it is not known
what the best implementation of the handshake components is, so realistic values cannot
be given [Sch91]. However, note that, in order to compare processes, the ratios between
the values matter, not the values themselves.

4 The comparison of two CP-0 programs

In this section we compare the two different CP-0 programs for dynamic programming
of [MS89] by giving size and speed estimates for their processes. Both programs consist
of a network of processes that can be specified in the CP-0 language. We call these two
programs Spp and Sppp. An example of an actual derivation of a size and speed estimate
is given in the appendix. The estimates that we give in this section were not derived by
hand, but are determined by a small program that is a straightforward implementation of
our performance analysis method of Section 3.

Program Spp consists of processes Si; (0 < ¢ < j £ N, N the problem size). Three
cases are distinguished in [MS89]:

case 1 0<:i=353<N,
case 2 0 <7< j <N, where (j — i) mod 2 =0, and
case 3 0 <i< j <N, where (j —i) mod 2=1.

In this section we restrict ourselves to cases 2 and 3. We denote the corresponding CP-0
processes by Spp: and Sppw« respectively.
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Program Sppp is meant as an optimisation, and is constructed by combining four
neighbouring processes of Spp (two Sppr and two Sppr cells). In order to get a fair
comparison, we should take one process of Sppp and compare its performance with the
performance of a cluster of four neighbouring Spp processes.

4.1 Size and speed estimates for Spp

Using the multiplicity tables and the size estimate formulae of the previous section, we
deduce a size estimate for a cluster of two processes Spps and two processes Sppe. The
size of the cluster is the sum of the sizes of the four processes, increased by the size of a
number of passivators: one for each output (or input) channel in each of the four processes.
Hence, we should add the size of 16 passivators.

For Spp:, assuming a 16 bit wordlength, this gives the following size:

a(SDpr) = 1203F.
For Spp» we obtain the following size:
Q(SDPH) = 1141F.

The size of a cluster of four processes (twice case 2, twice case 3) equals 2 - a(Sppr) +
2 - a(Sppr) plus the size of 16 passivators: one for each output (or input) channel in
each of the four cells. We assume that the size of a passivator is 2F/bit, so for a 16
bit wordlength we get 32F per passivator. Hence, the size of a cluster of four cells is:
2-1203F +2-1141F + 16 - 32F = 5200F'.

With respect to the speed of a cluster, we assume that the four processes work in
parallel, so the speed is determined by the ‘slowest’ process. Since Spps is of the form
So; S1;.93; S3; 54 and Sppw is of the form Sg; S2; S3; Sy (see [MS89]), we conclude that the
speed of Sppr is less than the speed of Spp:. Therefore, we assume that the speed of the
cluster of four processes equals 7(Sppr). For Sppr, we obtain the following speed estimate:

(Spp:) = (28-(5 —i)+10)T.

In order to compare this speed with the speed of Sppp, we should compute the maximum

value for 7(Spp:). It is easy to see that this results in taking j = N and 7 = 0, which gives
the following speed estimate for program Spp:

(Spp) = (28 - N + 10)T.

4.2 Size and speed estimates for Sppp

For an Sppp process Sppp(ij (0<i <5 < %), again assuming a 16 bit wordlength, we
get the following size:

O:(SDDP(,'J)) = 4680F.
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This size estimate should be increased by the size of four passivators (one for each output
channel). Taking these into account, the total size of Sppp(; j) becomes 4680F + 4 - 32F =
4808F. With respect to speed, we get the following result for process Sppp( j):

m(Sppriyy) = (169 (5 — i) + 13)T.

If we want to compare this speed with 7(Spp), we should take j = % and 7 = 0. This
results in:

7(Sppp) = (845 N + 13)T.

Comparing the speed and size estimates for both systolic designs, we conclude that the
size of the clustered design is about 8% smaller than the size of the ‘fine-grained’ design,
whereas it is three times slower.

5 Conclusion

We presented a method for performance analysis of processes of CP-0 programs. With this
method these processes can be compared by estimating their size and speed. The method
was developed such that it could be implemented quite easily. As a test case, the resulting
program was applied to the systolic designs for dynamic programming of [MS89].

Our method features the single realisation of atoms and expressions as optimisations.
For the second optimisation we have to perform a program transformation that establishes
mutual exclusion of expression evaluations. Since this might not be desirable in all situa-
tions, the optimisations should be made optional when the performance analysis method
is incorporated in a VLSI programming environment.

We have tried to make our method independent from the implementation of the hand-
shake components. If the implementation of a component changes, this should only affect
the size and speed estimates of the component, and not the entire method. However, this
independence has its limitations. If, for instance, variables are implemented with only one
read channel (as is suggested in [Pee90b}), this would require a change in the translation
method, and would therefore also require a change in the performance analysis method.

We suppose that our method can be extended with a number of language constructs,
like selection (“if-then”) and iteration (“while-do”). This extension is a topic for future
research. Another extension could be the addition of more (post-)optimisations, e.g. com-
mon subexpression elimination. However, we conjecture that the introduction of more
optimisations will lead to more program transformations, something we consider undesir-
able. A way to avoid these transformations is to introduce new handshake components
(e.g., the fork component of [Pee90a]). A disadvantage of this approach is that it might
make our performance analysis rather complex.
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A An example of a derivation

In this appendix we consider CP-0 program Spp of [Mak89]. For the example derivation,
we restrict ourselves to case 2, so process Sppr. The statements of this process are given
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below;

Spp: = 50;51; 52; 53; 54

where:
S0 = alya,b?xb,d?yd,e?xe
S1 = alxb,b!lxb,d!xe,elxe
S2 = m:=(w+ya+xe) min (w+ xb + yd)
53 = (a’xa,b7xb,d7xd,e?xe

;alya, blxb,dlyd, elxe
; (M0 := m; m := m0 min (w + xa + xe) min (w + xb + xd)), ya := xa, yd := xd
J3i-i)-1

54 = alya,blm,d!yd,elm

In order to apply our method, we need to determine sets ChanSet, VarSet, AtornSet and
EzpSet, and the multiplicity functions for this process. We do this by constructing three
tables:

¢ A table in which for each variable z € VarSet(Spp:), the values #,(z) and #,(z)
are given. Set VarSet(Spp:) is the set of all elements in the left column of the table.
The values #,(z) for @ € ExpSet(Spp:) N Con are also given.

o A table in which for each channel ¢ € ChanSet(Spps), the values #+(a) and #i(a)
are given. Set ChanSet(Spp:) is the set of all elements in the left column of the
table.

e A table in which for each atom of g € AtomSet(Sppr), the value #(g) is given.
Set ExzpSet(Spp) is the set of right-hand sides of assignment statements in the left
column of the table; AtomSet(Spp:) is the set of all elements in the left column.

Below we give these three tables for the CP-0 process Sppr. All multiplicities are given,
except the expression multiplicities. It is not difficult to see that no expression occurs more
than once, so these multiplicities are omitted.

| x || #e(x) [ #:(x) |
2

a 2
b 1
d 2
e 1

2
2
2

Table 5: Channels and their multiplicities

Using these tables and the size estimate formulae, we derive a size estimate for Spp/. This
derivation is given below, with some hints.
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L x [ #u(x) [#(¥)]

m
m{
Xa
xb
xd
Xe
ya
yd

b B e b e BD

w

3
1
2
4
2
4
2
2
4

Table 6: Variables and their write and read multiplicities

| #() ]
a? ya 1
Xa 1
b? xb 2
d? yd 1
xd 1
e? Xe 2
al xb 1
ya 2
b! xb 2
m 1
d! Xe 1
yd 2
el xe 2
m 1
m:= (w + ya + xe) min (w + xb + yd) 1
m0 min (w + xa + xe) min (w + xb + xd) 1
ml:= m 1
ya:= Xxa 1
yd:= xd 1

Table 7: Atoms, expressions, and atormn multiplicities
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a(Sppr}) = { Definition 3.9 }
a.(Spp') + ea(Sppr)

C!c(SDPr) = ac(So; S1; 525 Ss; 54)
= { Definition 3.10 }

A geq(5) + (EZ :0<1<h: O!C(S,'))
a.(Sp) = a.(a’ya, b?xb, d?yd, e?xe)
= { Definition 3.10 }
Aeonc(4) + @c(alya)+a(b?xb)+a(d?yd)+a.(e?xe)
= { Definition 3.10 }
aconc(4)+0+0+0+0

= Geonc(4)

a.(Sy) = a.(alxb, b!xb, d!xe, elxe)
= { Definition 3.10 }
Geonc(4)
a.(S2) = a.(m := (w + ya + xe) min (w + xb + yd})
= { Definition 3.10 }
0
or.(S3) = ac((S30; 331',532)%0_")'1)
= { Definition 3.10 }
arep%(‘,”i)_l + a.(Ss0; 5313 Sa2)
= { Definition 3.10 }
arep_&(j_..)_l + aseq(3) + ac(S.?.O) + ac(SBI) + ac(S32)
ac(S4) = ac(alya, blm, dlyd, elm)
= Qcone(4)
a.(Sa) = ac(a?xa, b?xb, d?xd, e?xe)
= CGconc(4)
ac(S31) a.(alya, blxb, dlyd, elxe)

o

Qconc(4)

Ofc(Ssz) = Ofc(Sszo, Saa1, 3322)

ac(S30) = a.(m0:=m;m := m0 min (w + xa + xe) min (w + xb + xd))
= @aeq(z) + a(m0 := m) +o.(m := m0 min (w -+ xa + xe) min (w + xb + xd})
= Gaeq(2) +0+0
= Qgeq(2)
ao(S31) = ac(ya:= xa)
=0
ac(S322) = ag(yd := xd)
=0

O.’d(SDp:) = { Definition 3.11 }
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(EC rc€ ChanSet(SDp:) ! Grnuz(dhy () T admx(#?(c)))"—
(E vV E VarSet(SDp:) D Gmur{#e(v) T am,.(#r(,,)))-f-
(Eb :be AtomSet(SDpn) D Omiz(#(b)) T at,f)—l—
(Xe:e€ ExpSet(Spp:) : ale))

= Omin(3) + Amin(2) + 4a;plus(3)+
6“mix(2) + 19a4, 5+
7amum(2) + 2adm:c(2)+
2auar(4) + Ceon(d) + Qvar(3) + 4auai"(2) + Qyar(1)

For process Sppr, assuming a 16 bit wordlength, we get the following size:

a(Spp) = 1203F

Using the same tables and the speed estimate formulae, we deduce a speed estimate for
Sppr.

7(Sppr) = 7(So; 515 S2; Sa; 54)
= { Definition 3.12 } .
laeq(s) T (21:0 <7 <5:7(5;))
7(S0) = r(a’ya, b?xb, d?yd, e?xe)
= { Definition 3.12 }
teonc(a) + maz{r(alya), 7(b?xb), 7(d?yd), r(e?xe)}
= tconc(4) + mazx {ttrf + twrite(2) + tdmx(?) + tmux(2) + tmi:c(l)
ybirf + twrite(a) T Ldmz(1) + tmuz(1) + tmiz(2)
s birf + turite(2) T timz(2) + tmuz(2) T tmiz(1)
stog + twrite(d) + tame(1) T tmuz(n) T tmiz(2)}
= tconc(‘i) + tiy + mazx {twritc(‘Z) + tdm:r:(?) + tmu:c(2)
,twrite(d) + tdm:r:(l) + tmuz(l) + tmi:r:(Z)}
7(51) = 7(alxb, blxb, d!xe, elxe)
= { Definition 3.12 }
teonc(e) + maz{7(alxb), 7(blxb), r(d!xe), 7 (elxe)}}
= tconc(4) + mazx {ttrf + tread(4) + tmu:v(2) + tmi:r(l)
s g + tread(a) + tmuz(2) + tmiz(2)
vlaep + tread(a) + tmuz2) + iz
stis + Lread(d) T tmuz(2) + tmiz(2)}
= Leonc(d) + birf + tmuz(z) + MAT {tread(a) + tmiz(1)
stread(4) + tmt‘x(2}
Jtread(4) + tmin:(l)
s tread(a) + tmiz(2)}
= teonc(d) T Lirg + tread(a) T Emun2) + tmiz(2)
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1(S2) = 7(m:= (w + ya + xe) min (w + xb + yd))
= { Definition 3.12 } _
7((w + ya + xe) min (w + xb + yd))+us + turite(z) + tmus(z) + tmizq)
= { Definition 3.12 }
Lirg T twrite(d) T trmuz(2) T tmin(z) + Mmaz {7(w + ya + xe)
,7(W + xb + yd)}
= { Definition 3.12 }
tirg + turite(d) T tmuz(2) + tmin2) T MG {tpus@) + maz{r(w), 7(ya),7(xe)}
s tptus(z) + maz{7(w), 7(xb), 7(yd)}}
=ty + twrite(S) + tmum(?) + tmin(2) + max {tplu§(3) + max{tread(*i), tread(2)a tread(4)}
» tplua(B) + max{tread(ﬂ: tread(é)a trsad(?)}}
= terf + burite(@d) + Emuz(2) T Imin(2) T tpins(3) + tread(q)
7(S3) = 7((Ss0; Sa1; Sap) 7091
= { Definition 3.12 }
trep%(j_i)_l + (35 — 1) = 1) - (taeqrzy + 7(S20) + 7(Sa1) + 7(532))
t(alya, blm, dlyd, elm)
{ Definition 3.12 }
teonc(ay + maz{7(alya), 7(blm), 7(d!yd), T(elm)}
= Loonctd) + AT {toy + lread(z) + tmuz(2) + tmiz(2)
sbang + tread(:}) + tmur(2) + tmiz:(l)
stirg + tread(z) T tmur(2) T tmiz(2)
sLirf + tread(3) + tmus(2) + tmiz(1) }
= tconc(fl) + ttrf + tmu:r:(2) + maz {treud(Z) + tmiz(Z)
s tread(3)}

7(54)
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7(5S30) = 7(a?xa, b?xb, d7xd, e7xe)
= { Definition 3.12 } _
teonc(a) + max{7r(a?xa), 7(b?xb), 7(d?xd), 7(e7xe)}
= tconc(é) + mazx {ttrf + tdmx(Z) + tmuz{l) + tm.s':r(l) + twrite(Z)
g + tdma:(l) + tmu:r:(l) + tmix(‘z} + twrite(é)
sberg + tama(2) T tmuz(l) T tmiz(l) T Lurite(2)
sbinf F tama(1) + tmuzr) + tmiz@)} + turite(q)
= tconc(d) + tirf + tmua:(l) + max {tdma:(2) + twrite(?)
s tama(i) + tmiz(2) + Luwrite(a) }
7(S31) = 7(alya, blxb, dlyd, e!xe)
= { Definition 3.12 }
teonc(e) + mazx{7(alya), r(blxb), r(dlyd), r(e!xe)}
= tccmc(4) + mazx {ttrf + tread(2) + tmuz(Z) + tmia:(?.)
st + tread(a) + tmuz(2) T Emiz(2)
ytirg + tread(2) T tmuz(2) T tmix(z)
stirf + tread(d) T tmus(2) + tmiz(2)}
= Leone(4) T Ling + tread(q) T+ tmuc(z) + tmiz(2)
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T(Ssz) = 7(3320, 5321, 5322)
= { Definition 3.12 }
teono(3) + maz{7(Ss2), 7(Ss21), T(Sa22)}
7(S320) = 7(m0 := m; m := m0 min (W + xa + xe) min (w + xb + xd))
= tyeq(z) + 7(m0 := m)+7(m := m0 min (w + xa + xe) min (w + xb + xd))
= tacq(Z) + T(m)+ttrf + twrite(l) + tmuz‘(l) -+ tmir(l)"}'
7(m := m0 min (w + xa + xe) min (w + xb + xd))
= taeq(?) + tread(S) + ey + twrite(l) + tmux(1)+
7(m := m0 min (w + xa + xe) min (w + xb + xd))
= Lyeq(2) T tread(d) T Lep T turite(r) T tmuzq)+
7(m0 min (w + xa + xe) min (w + xb + xd))+iers + turite(s) + tmuz(z) + tmiz()
= Laeq(2) + tread(d) + 2ti + turiten) T tmua()+
Lmuz(2) + tmin(@) + twrite(s) + maz {7(m0)
,7(w + xa + xe)
,7{(w + xb + xd)}
= tseq(Z) + tread(3) + Qtfrf + twrite(l) + tmua:(l)+
tmuz(2) T tmin(3) + turite(s) + maz {7(m0)
’ tp!u.s(3) + ma:l’:{T(W), T(y&), T(Xe)}
?tplua(3) + ma.’l’:{?‘(w), T(Xb)! T(yd)}}
= tscq(2) + trcad(3) + 2ttrf + twrite(l) + tmuz:(l)'f"
tmux(2) + tmin(3) + turite(3) + MAT {treaaqr)
» Lptus(3) + Taz{ tread(a)s Eread(2)s tread(d) }
’ tp!us(S) + mam{tread(4)s tread(‘i)s trea.d(2)}}
= Lseq(z) + 2terf 1 tmin(3) + tptus(a) T tread(d) + tread(3) + tmuz(z) T tmuza)
7(S321) = 7(ya := xa)
= 7(Xa)+tors + tmua(z) T Emic)
= twrite(2) + tread(2) + tuy + tmux(2)
T(S322) = T(yd = Xd)
= T(Xd)+tt1’f + tmu:r(2) + tmi:c(l)
= twrite(2) + tread(?) + toy + tmu:z:(2)

For Spps process (¢, j), this gives the following speed estimate:

T(Spp) = (28-(7— i)+ 10)T
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