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What does SiFive, the company, do? 
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It	is	basically	a	hardware	design	company	



State of art in Hardware Design 

3	

Alice	

Video	
Decoding	
Device	

HW	Designer	
Charlie	

32-bit	embedded	
integer	processor	

Non-Coherent	
Caches	

Video	
Decoder	

Video	
Decoding	
Device	

Find	bugs	
and	modify	

Final	Video	
Decoding	
Device	

Bob	

Machine	
Learning	
Device	

Coherent	
Caches	

FPGA	
Interface	

64-bit	floating	point	
linux-capable	
processor	

Machine	
Learning	
Device	

Find	bugs	
and	modify	

Final	ML	
Device	



Contrast with ordering a pizza 
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http://wantpizza.com
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What are generator templates? 

•  Functions:	Arguments → Hardware Circuit 
•  Eg:	(DataWidth x CacheSize) → Processor Core	

• Written	in	a	DSL	in	Scala	called	Chisel	
• Access	to	AST	allows	

•  Pretty	printing	into	Hardware	Circuits	used	by	backend	tools	
• Writing	Optimization	passes	directly	
•  Analyzing	the	AST	to	determine	compatible	parameters	

•  TileLink	can	be	configured	depending	on	the	number	of	components	-	Diplomacy	
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Overall	Vision:	Verify	the	generators	once	and	for	all	



Kami to the rescue 

•  Enables	verifying	first-order	logic	based	properties	
•  E.g.	∀	sizes,	Cache	is	Coherent	

•  Security	and	functional	properties	can	be	verified	
•  Enables	modular	specification	and	verification	of	each	component	

•  Replace	implementation	of	one	module	with	another	without	changing	any	
other	module	

• But	
•  How	do	we	get	Kami’s	assurance	about	existing	Chisel/Scala	designs?	
•  Chisel’s	semantics	are	very	different	from	Kami’s	…	
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Chisel vs Kami Semantics 
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But	after	compilation	into	hardware	
circuits,	Kami	programs	are	transformed	
into	state	transitions	
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Rule	3	
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Compilation into hardware circuits 

• Multiple	rule	firings	are	sequenced	in	one	hardware	clock	cycle	
• Given	an	order	of	firing	of	rules	[r1,	r2,	…,	rn]	

r1	 r2	 rn	…

st
at
e	

st
at
e1
	

st
at
e2
	

“Combinational	logic”	 Wires	containing	the	next	state	value	as	
determined	by	all	the	previous	rules.	
Not	a	real	state	in	hardware	
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Example compilation process 

Module A: 
   Register x 
   Rule 1: x := x + 1 
   Rule 2: x := x + 5 

+1	 +5	x	

[Rule	1,	Rule	2]	

11	
Looks	similar	to	Chisel-based	hardware	semantics	



Short-term plan of reconciling Kami with Chisel 
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Short-term plan of reconciling Kami with Chisel 
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Caveats 

•  For	every	parameter	instance,	the	SMT-based	verification	has	to	be	
done	

•  SMT	solvers	work	only	if	the	two	hardware	circuits	are	very	similar	
•  But	this	is	push-button	

• Kami	implementation	duplicates	Chisel	implementation	effort!	
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Longer term plan 

• Design	modules	(complex	processors	and	others)	starting	from	Kami	
•  Integrate	Kami-based	designs	into	Chisel/Scala	based	design	flow	

•  After	generating	hardware	circuits	
• Verify	Kami	compiler	
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Kami use inside SiFive 

•  Floating	Point	ALU	verification	
•  Add,	Multiply,	Division,	Square	root,	Conversions	between	widths,	
Conversions	to	and	from	Integers	

•  The	specification	is	very	complex	
•  Added	complexities	of	understanding	open	source	implementation	of	FP	ALU	in	Chisel	
•  Iteratively	comparing	specification	with	Chisel	implementation	to	remove	bugs	in	both	

•  Embedded	processor	core	verification	
• Other	accelerators	
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Kami development inside SiFive 

• We	are	rewriting	the	Kami	internals,	including	AST,	while	keeping	the	
surface	syntax	backwards	compatible	

•  Easy	because	Coq	Notations	hide	everything	
•  Goal	is	to	simplify	both	the	proofs	of	Kami	framework	theorems	and	proofs	of	
correctness	of	hardware	designs	

• Kami	version	2!	
•  https://github.com/sifive/Kami	
•  Coq	8.8.0	
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The Kami Intern team at SiFive 
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Floating	Point	Verification:	
Pedro	Abreu,	joining	Purdue	as	a	PL	grad	student	this	Fall	

Kami	Infrastructure	development:	
TJ	Machado,	math	grad	student	at	NMSU	

Processor	Verification:	
Kade	Phillips,	CS	Masters	Student	at	MIT	

We	are	hiring	for	full	time	positions	for	Kami-based	verification	



Backup 

19	



Kami version 2 differences 

• Removed	several	syntactic	restrictions	on	Kami	modules	
•  Multiple	modules	can	call	same	method	in	another	module	

• Original	Kami	allows	two	systems	to	be	equivalent	if	the	trace	of	one	
is	a	function	of	the	other,	as	opposed	to	being	identical	

•  This	complicates	proofs	of	both	designs	and	framework	

•  FMap	no	longer	used	to	denote	sets;	instead	using	lists	
•  This	makes	definition	of	trace	equivalence	complicated,	but	easier	to	use	

• Used	Coq	8.8.0’s	inlined	ltac	in	Notations	to	make	syntax	much	nicer	
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Steps in Kami Verification Process (1) 

•  Inlining	
•  Default	Kami	semantics	reasons	about	steps	in	a	distributed	manner	

M	

f(x)	 g(y)	

N	
h(u)	

k(v)	

r
2	

r
1	

r
3	

r
4	

•  N	produces	a	trace	involving	r4,	h	and	f	
•  M	produces	a	trace	involving	r1,	r2,	r3,	f,	

g,	h	and	k	
•  Composition	of	M	and	N	produces	a	

trace	involving	r1,	r2,	r3,	r4,	g	and	k	–	
matching	calls	and	executions	cancel	out	

• We	prove	that	these	semantics	match	the	inlined	semantics	I	showed	before	
•  Thus	inlining	have	to	be	performed	explicitly	to	use	the	inlined	semantics	
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Steps in Kami Verification Process (2) 

•  Simulation	Relation	

Simpl	 Simpl	

Sspec	 Sspec
	

R	 R	

impl-transition	

spec-transition	

•  The	transition	involves	arbitrary	combination	of	defined	methods	
•  For	special	modules,	we	have	proved	simulation	relations	in	the	presence	of	defined	methods	
•  Framework	focuses	on	providing	proof	automation	for	systems	without	defined	methods	that	
are	externally	visible	in	the	final	composition	
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Steps in Kami Verification Process (3) 

• Modular	Substitution	Theorem	

A	 ⊑	 A’	

B	 ⊑	 B’	

A	 B	 ⊑	 A’	 B’	
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Useful Refinement Tactics in Kami 

Monolithic	Spec	
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Decompose	1
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Replace	5	 .	.	.	.	
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M	

f(x)	 g(y)	

h(u)	

k(v)	

r2	

r1	 r3	

The Big ideas 
Hardware	modules	are	like	
objects	with	
• private	state	
• methods	that	other	
modules	can	call	on	this	
module,	

• And	atomic	transitions	or	
rules	that	

•  Read	and	write	private	state	
•  Call	methods	

25	



26 

M	
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N	
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r2	
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r4	

Methods	of	
other	modules	

External	
methods	

The Big Ideas continued 

Methods	called	
by		other	modules	

Methods	called	
externally	
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Modular Semantics of a Kami program 

Pick	any	one	rule	in	any	module	and	“fire”	it	
•  Perform	the	action	corresponding	to	any	methods	it	
calls	atomically	

•  If	an	external	method	is	called,	then	non-
deterministically	assume	the	return	value	of	method	

•  The	name	of	the	external	method,	its	argument	and	
return	value	together	form	the	label	of	this	step	

M	

f(x)	 g(y)	

N	
h(u)	

k(v)	

r
2	

r
1	

r
3	

r
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r
1	

h(u)	
r
3	

k(v)	

Repeat	the	above	step	
A	trace	of	the	module	is	the	sequence	of	labels	it	produces	
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What if an external method calls a local method? 

M	

f(x)	 g(y)	

N	
h(u)	

k(v)	

r
2	

r
1	

r
3	

r
4	

A	step	of	a	module	is	more	complicated	
•  (Several)	methods	defined	by	a	module	can	
participate	in	a	step,	i.e.	get	executed	

•  Incoming	Argument	is	non-deterministically	
assumed	and	a	return	value	is	calculated	using	that	

•  A	label	is	a	collection	of	called	external	methods	
and	executed	local	methods	of	a	module	

•  A	rule	need	not	participate	in	a	step	
•  External	environment	may	be	a	module	which	
executes	a	rule	that	simply	calls	local	methods	of	a	
module	
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Summarizing the meaning of a step and trace 

• A	step	executes	
•  0	or	1	rule	
•  any	number	of	locally	defined	methods	
•  Each	of	these	must	write	disjoint	registers	

•  The	label	produced	by	a	step	is	the	collection	of	
•  called	external	methods	(with	arguments	and	return	values)	
•  executed	local	methods	(with	arguments	and	return	values)	

• A	trace	is	a	sequence	of	steps	
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Hardware Design Flow 

30	
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RTL	
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A	framework	to	support	implementing,	
specifying,	formally	verifying	
parameterized	hardware	designs	at	a	high	
abstraction	level	and	compiling	the	designs	
into	RTL	

Based	on	the	Bluespec	high-level	
hardware	design	language	

and	implemented	in	the	
Coq	proof	assistant	
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Existing Formal Technique: Assertion Verification 
for shallow properties 
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Processor	

Pipeline	

I$	

D$	

If	Foo	is	in	this	register,	
then	Bar	is	in	that	one.	

If	Baz	is	in	this	register,	
then	eventually	Qux	is	in	

that	one	

Why does worrying about Foo or Baz increase our confidence in 
the overall system?  



Existing Formal Techniques: Specific and Small system 
Instances 
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Processor	

Pipeline	
I$	

D$	

Processor	

Pipeline	
I$	

D$	

Cache	Coherence	Protocol	

2	Processors	

64	cache	lines	

Even a simple chance such as increasing the cache size requires 
full reverification! 



Existing Formal Technique: Logical Equivalence Checking 
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≡

When latency-tolerant components are connected via FIFO 
buffers, valid refinements no longer preserve Boolean equivalence 
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RTL	for	Floating	
Point	Unit,	32	

Bits	
≡ IEEE	754	(Floating	

Point	Specification)	
for	32	bit	precision	

Existing Formal Techniques: Single component Verification 

How do we know that this component behaves correctly in the 
processor’s context? 
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Kami: Proving Deep, High-Level Properties 

Pipeline	

I$	

D$	

ISA Reference ≡
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Kami: Prove a Family of Instances for Parameterized Designs 

CPU 

L1 $ 

Memory 

CPU 

L1 $ 

Memory 

CPU 

L1 $ 

CPU 

L1 $ 

L2 $ 

CPU 

L1 $ 

Memory 

CPU 

L1 $ 

CPU 

L1 $ 

L2 $ 

ISA 
Reference ∀	trees.	≡			
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Kami: Latency-tolerant semantics 

≡
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Kami: Modularly composing proofs 

A	 ≡	 A’	

B	 ≡	 B’	

A	 B	 ≡	 A’	 B’	
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Case study: Multiprocessor 
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binary	

Runs multithreaded C programs on FPGAs 

41	

// Dekker’s algorithm 
 
int[2] enter; 
int turn; 
int counter; 
int thread(int i) { 
  enter[i] = 1; 
  while (enter[1-i] == 1) { 
    if (turn != i) { 
      enter[0] = 0; 
      while (turn != 0){} 
      enter[i] = 1; 
    } 
  } 
  counter = counter + 1; 
  turn = i; 
  enter[i] = 0; 
  return (counter); 
} 

Gcc	

Multiprocessor	
circuit	

Put	into	Instruction	
memory	

Run	

Verified	Kami	
multiprocessor	
implementation	

Kami	Compiler	Compcert	



At SiFive 

Investigating	its	use	for	verifying	certain	components	
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Meaning of Modular Refinement 
A	refines	A’,	denoted	A	⊑	A’:	
	
If	any	trace	produced	by	A	can	also	be	produced	by	A’	
•  modulo	empty-steps,	i.e.	steps	with	no	methods	

•  modulo	rule	names	

In any context, A can be replaced by A’ 
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Modular Composition of Kami modules 

A	 ⊑	 A’	

B	 ⊑	 B’	

A	 B	 ⊑	 A’	 B’	
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Compilation into RTL 

• Maps	multiple	rule	firings	into	one	hardware	clock	cycle	
• Given	an	order	of	firing	of	rules	[r1,	r2,	…,	rn]	

r1	 r2	 rn	…

st
at
e	

st
at
e1
	

st
at
e2
	

Combinational	logic	 Wires	containing	the	next	state	value	as	
determined	by	all	the	previous	rules	
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Example compilation process 

Module A: 
   Register x 
   Rule 1: x := x + 1 
   Rule 2: x := x + 5 

+1	 +5	x	

[Rule	1,	Rule	2]	
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What about methods? 
Module A: 
   Register x 
   Rule 1: x := x + f(x) 
   Rule 2: x := x + if (x > 0) then g(x) else 0 
 

+	 +	x	

f_
ar
g	

f_
re
t	

g_
ar
g	 g_

re
t	

0	

>0	

g_
en

	

f_
en

	=
	1
	

Defined methods? 
•  If exactly one use, then inline 

at call 
•  Otherwise currently cannot 

synthesize (not seen in 
practice) 

[Rule	1,	Rule	2]	
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Kami Verification – High Level View 

Implementation	 Specification	⊑	

Compile	to	RTL		

RTL	
implementation	

We will get the	⊆ relation between 
RTL and specification once the 
compiler is formally proven  
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State of Kami 

•  Stable	Kami	Version	1	developed	at	MIT	
•  http://github.com/mit-plv/kami	
•  http://github.mit.edu/plv/kami-puar		

•  The	8-stage	pipeline	with	privileged	mode	support	
•  Work	in	progress	
•  Needs	collaboration	account	with	MIT	

• Kami	Version	2	at	SiFive	
•  http://github.com/sifive/Kami	

•  Complete	rewrite	from	scratch	based	on	lessons	learnt	from	Kami	Version	1	
•  Some	infrastructure	work	needs	to	be	completed	
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Why One-Rule-at-a-time Semantics 
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Atomic	
Processor	
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Schedule:	[Commit,	Execute,	Decode,	Fetch]	

Schedule:	[Commit,	Commit2,	Execute,	Execute2,	Decode,	Decode2,	Fetch,	Fetch2]	

Nothing changes in the verification, only schedule for compiler changes! 

⊑	



What about Bluespec Guards 
• Bluespec	has	a	notion	of	guards,	which	affects	if	a	rule	is	ready-to-fire	
or	not	

•  The	guard	is	like	a	predicate	on	all	of	the	rule’s	actions	
•  Essentially	simplifies	syntax	for	specifying	state	transitions	denoted	by	a	rule	

• But	the	notion	of	guard	is	extended	to	any	action	
•  If	an	action’s	guard	is	false,	then	not	only	is	this	action	disabled,	but	also	any	
other	action	that	is	supposed	to	atomically	execute	with	this	action	

x := x + 1 
if(pred) 
then { guard(g); y := y + 1 } 

If [pred] is true, and [g] is false, 
[x := x + 1] wont fire 

•  This	affects	the	circuit	generated	for	methods:	
•  Any	called	method	creates	an	input	guard	wire,	which	must	be	true	for	the	
calling	rule	to	fire	

51	



Backup 
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Properties of Kami modules 

• Reflexivity:	A	⊑	A	
•  Transitivity:	A	⊑	B,	B	⊑	C	⇒	A	⊑	C	
• Associativity	of	composition:	A+(B+C)	=	(A+B)+C	
• Commutativity	of	composition:	A+B	=	B+A	
•  Substitution	theorem:	

	A	⊑	A’	⇒	A+B	⊑	A’+B	
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Kami Processor Implementation 
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Kami: High-Level Parametric Hardware Specification and its Modular Verification 24:25

Kami Bluespec
IPCaverage 0.21 1.00

Clock Frequency (MHz) 142.86 31.25
#LUTs per core 3,061 2,184
#FFs per core 1,545 3,440

Fig. 15. RISC-V cores in Kami and Bluespec

Single-threaded IPC
Euclid’s GCD 0.23
Factorial 0.22
Bubble Sort 0.25
Towers of Hanoi 0.18

Multi-threaded IPC
Shared Counter (Dekker’s) 0.19
Shared Counter (Peterson’s) 0.20
Parallel Matrix Multiply 0.20
Concurrent Bank Transactions 0.18

Fig. 16. Performance on Kami-based multiprocessor

processor runs at a much lower frequency than ours since they perform both the fetch and execute
in the same hardware clock cycle, while ours is a 4-stage pipeline. The resources utilized are
comparable (“LUTs” stands for lookup tables, a primitive for combinational circuits in an FPGA,
and “FFs” stands for �ip-�ops, a primitive for state in an FPGA). The synthesis results exclude the
L1 caches and the memory from both the processors (the Bluespec processor does not implement
cache coherence, as it is a single-core implementation).
We tested our multiprocessor with real RISC-V programs. The benchmark programs were

compiled from actual (multithreaded) C programs, using the RISC-V GCC, and the instruction
memory is initialized with the executable produced by GCC. We also set the initial stack-pointer
value for each processor, since these programs are directly run on our processor, with no intervening
OS. Our processor executes an average of 0.21 instructions every clock cycle per processor (IPC).
Figure 16 shows the IPC for each benchmark. Note that we instantiated the branch predictor to
always predict a branch to be not taken and have not implemented aggressive pipelining to forward
results from the execution units and memory as soon as they have been computed. Comparing
the instructions executed per second against the Bluespec processor, we are lower only by 4%
( 0.21 IPC ⇥142.86 MHz

1 IPC ⇥31.25 MHz ⇡ 96%). If we had designed the same processor in both Kami and Bluespec, we
would have gotten the same synthesis results.

8 RELATEDWORK
Vijayaraghavan’s thesis [Vijayaraghavan 2016] forms the theoretical basis for our work.

Hardware veri�cation is dominated by model checking: for instance, processor veri�cation
[Burch and Dill 1994; McMillan 1998] and, more recently, Intel’s execution cluster veri�cation
[Kaivola et al. 2009]. The work of Burch and Dill [1994] is notable for using symbolic execution for
automatic computation of an abstraction function of the kind that we so far write manually when
applying our Theorem 5.6. Most of model-checking-based veri�cation is done on concrete systems
as opposed to parameterized systems. Cache-coherence protocol veri�cation has mostly treated
systems with concrete topologies, involving particular �nite numbers of caches and processors. For
instance, explicit-state model checking tools like Murphi [Dill et al. 1992] or TLC [Joshi et al. 2003;
Lamport 2002] can handle only tens of addresses and CPUs, as opposed to the billions of addresses
in a real system, or the ever-growing number of CPUs. Symbolic model checking by itself does not
do any better: a 2-level MSI protocol in the Gigamax distributed multiprocessor having two clusters
with six processors each has been veri�ed using SMV [McMillan and Schwalbe 1992]. SMV had
been developed further into Cadence SMV [Jhala and McMillan 2001], which allows compositional
model checking. Several processor-design aspects have been veri�ed using Cadence SMV [Lungu
and Sorin 2007], though veri�cations of complete processors were not reported.
There are many abstraction techniques to reduce parameterized designs to �nite state spaces,

which can be explored exhaustively. Optimizations on symbolic model checking (e.g., partial order
reduction [Bhattacharya et al. 2005], symmetry reduction [Bhattacharya et al. 2006; Chen et al.
2010; Chou et al. 2004; Emerson and Kahlon 2003; Ip et al. 1996; Zhang et al. 2014], compositional

Proc. ACM Program. Lang., Vol. 1, No. ICFP, Article 24. Publication date: September 2017.



Inlining 
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Induction/Simulation proof 

•  Invariants	of	the	implementation	has	to	be	specified	to	prove	a	
simulation	relation	on	states	
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Simpl	 Simpl	

Sspec	 Sspec
	

R	 R	

impl-transition	

spec-transition	



Examples 

57	

24:8 J. Choi, M. Vijayaraghavan, B. Sherman, A. Chlipala, and Arvind

N n
Identifier r , f , s,k, ...
Constant c, op, ...
Variable x

Kami type τ ::= Bool

| Bit n
| Vector τ n

| {
−−−→
k :: τ }

Gallina type t
Type σ ::= τ | t

Expression e ::= c | x | op(e⃗ ) | [e⃗] | {
−−−−→
k = e} | e[e] | e .k

Action a ::= let x = r in a
| r := e ; a
| let x = f (e ) in a
| let x = e in a
| if e then a else a ; a
| assert e ; a
| return e

Module m ::= ⟨[
−−−→
⟨r , c⟩], [

−−−→
⟨s,a⟩], [

−−−−−−−−−−−→
⟨f , λx : τ . a⟩]⟩

| m +m

Fig. 5. Kami language syntax

The semantics below formalizes these notions of rules and methods participating in transitions.
They can be understood in terms of 5 main ideas: 1) expressions are read-only operations, 2)
actions are the smallest unit of a transition that can be composed with other actions, 3) a substep
is a composition of several actions, each of them corresponding to a rule or method, with some
additional constraints, 4) a step is a substep that corresponds to a single atomic transition in the
module, and 5) a behavior is a sequence of steps starting from the initial state of the module, i.e., it
is the transition sequence of a module.

Expressions. Figure 6a and Figure 6b give the denotational semantics for Kami types and expres-
sions, respectively. Variables are replaced with the corresponding values before they are evaluated
(by the semantics of actions, which create the variables), and hence their denotations are omitted.

Actions. Figure 6c gives the semantics for actions. The semantics for an action a is given by a

judgment o
ℓ
−→
a

(u,v ), where o is the register mapping, denoting the current state; u is the map of

register updates during execution of a; and v is the value returned after executing action a (which
is relevant only if the action is the body of a method definition). Most interestingly, ℓ is a label,
in the tradition of labeled transition systems from process algebra. It summarizes all externally
visible interactions of the step. While in process algebra such interactions are sends and receives of
messages on channels, in Kami the analogous interactions are making and receiving method calls.
Actions themselves can only call methods, not define them, so the action rules only show examples
of extending a label with a call f (a) = b. While the arguments are computed locally within the
action, the return value is assumed and cannot be computed, in the same way that channel-receive
operations are modeled in traditional process algebra.
We use the operator % for the disjoint union of register maps and labels. Such a union is only

well-defined when the operands deal with disjoint registers or method names, respectively. For
each use of % in a rule’s conclusion, we assume disjointness of the arguments, as an implicit extra
premise.
In the producer example in Figure 2, the action corresponding to rule produce results in the

following transition (where Retv is shorthand for returning an empty value).

{counterReg &→ v}
{enq(v )=() }

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Read val <- "counterReg";

Call "enq"(#val);

Write "counterReg" <- #val + $1;

Retv

({counterReg &→ v + 1}, ())‡

‡ () represents a word(0) value, a dummy “unit” placeholder.
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Similarly, in the queue example in Figure 2, the action corresponding to method deq runs
as follows. The precondition (t ! h ⇒ . . .) for values t and h records the guard condition
corresponding to any execution of this action, arising from an Assert in the code.

t ! h ⇒ {elts "→ e, head "→ h, tail "→ t }
{ }

−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Read elts <- "elts";

Read head <- "head";

Read tail <- "tail";

Assert (#tail != #head);

Write "tail" <- #tail + $1;

Return #elts@[#tail]

({tail "→ t + 1}, e (t ))

Substeps. A substep defines the execution of a collection of at most one rule and any number
of methods. It is derived from the semantics of the actions comprising the rule and the methods
as shown in Figure 6d. A set of one rule and many methods can be combined into a substep only
if they have disjoint register updates and disjoint method calls. The methods participating in a
substep, as well as all the called methods in all the actions forming the substep, form a label (as
alluded to, when describing the semantics of actions). A label ℓ is a set formed from the following
elements:

Label element ω ::= • | f (a) = b | f (a) = b

The label elements denote the presence of a rule (•), a called method (f (a) = b), or its dual, an

executed method ( f (a) = b) with method name f , argument a, and return value b. Two label
elements can be combined into a label only when they overlap neither by calling nor defining
the same method. This convention prevents a method from taking part twice in a transition and
also prevents two actions that call the same method from participating in a substep. The latter
restriction is needed because method calls are translated into wires in hardware; there is only one
set of wires for a method, so a method can be called only once in a transition.

The semantics for a substep is given by a judgment o
ℓ
−→
m

u, wherem is the target module, o is the

old state, and u is the map containing register updates (Figure 6d). Rule EmptyRule generates a rule-
like substep, but without any participating rules. This rule is typically used in specification modules
to allow mapping transitions in the implementation to empty transitions in the specification,
when the implementation’s transition only affects low-level state that does not map directly to
specification-level state. Rule EmptyMeth is defined for convenience and serves the purpose of the
nil constructor in a list. Rules Rule and Meth describe the cases where one rule or one method is
executed, respectively, and the resulting substep is called a singleton. rulesOf(m) and methsOf(m)
collect all rules and methods in the module, respectively. Two substeps with disjoint effects may
merge (SubstepConcat).

The nonempty substeps for the module prodQCons in Figure 2 are as follows (parameters of the
module definition are omitted for brevity, and all arithmetic is on constant-sized bit-vectors):

• For rule consume:

{counterReg "→ c, elts "→ e, head "→ h, tail "→ t }
{•,deq(())=v,output(v )=() }
−−−−−−−−−−−−−−−−−−−−−→

prodQCons
{}

• For method deq:

t ! h ⇒ {counterReg "→ c, elts "→ e, head "→ h, tail "→ t }
{deq(())=e (t ) }
−−−−−−−−−−−→

prodQCons
{tail "→ t + 1}
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