Chapter 1

Introduction

This report covers work in progress on the specilication amd verification of an SICD chip, designed
al the University of € algapy [Gras9]. The bicrarchy of heories containing the delinitions s sum
marised inthe following dppendency diagram As this work is still in progress, some changes are
expected Lo be made to Uy malterial
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Chapter 2

Abstract Data Types

This chapter defines the abstract data types used in the definition of the SECD chip, and its top
level behaviour. The major type of concern here is that used to represent finite size words. A
package defining fixed size words, called wordn, defines the types of words of lengths 2, 4, 5, 9,
14, 28, and 32, called types “:‘word2”, “:word4”, and so on. These are defined in terms of buses
of the appropriate width, where a bus is a recursive type defined in terms of constructors “Wire”
and “Bus”, and can be viewed as simply non-empty lists, with the “Wire” constructor used for the
base case.

The top level specification is defined in terms of operations on an abstract memory type.
2.1 RTL Data Types
Data types are separated into those used in the control unit, and those used in the datapath.

2.1.1 cu_types

% SECD verification %
v %
% FILE: cu_types.ml %
Y %
i DESCRIPTION: Declares the wordn types used by the control unit.Y%
% Also defines field selectors, and an increment %
% operation. %
v %
% USES FILES: load_wordn.ml %
l/. ./.
% Brian Graham 88.04.21 %
Y% %
% Modifications: %
" /
f========== %

new_theory ‘cu_types‘;;

loadf ‘load_wordn‘;;

Y, ======== === = = =4
map (declare_wordn_type true)
[ 4; % test field of instruction ¥%



6; % read, write fields Y%
9; % mpc width ¥
27 Y instruction width %

]}’
%::: ___________ '/'
% Field selector functions: %
% Note that wordn maps onto :(bool)bus, not :(num->bool)bus. %
% s===ss=s===z==== == 9%
let w27 =

"Word27 (Bus b27 (Bus b26 (Bus b25 (Bus b24 (Bus b23 (Bus b22
(Bus b21 (Bus b20 (Bus b19 (Bus b18 (Bus bi7 (Bus bié
(Bus b15 (Bus bi4 (Bus bi3 (Bus bi12 (Bus bii (Bus bi0
(Bus b9 (Bus b8 (Bus b7 (Bus b6 (Bus b5 (Bus b4
(Bus b3 (Bus b2 (Wire (b1:bool))))N)NNNININIINININN";;

let Word27 = theorem ‘-° ‘Word27‘;;

let A_field = new_recursive_definition false Word27 ‘A_field®
"A_field w27 =
Word9 (Bus b27 (Bus b26 (Bus b25 (Bus b24 (Bus b23 (Bus b22
(Bus b21 (Bus b20 (Wire b19)))))))))"

s

let Write_field = new_recursive_definition false Word27 ‘Write_field®
"Write_field ~“w27 =
Words (Bus b5 (Bus b4 (Bus b3 (Bus b2 (Wire bi)))))"

let Read_field = new_recursive_definition false Word27 ‘Read_field®
"Read_field w27 =
Words (Bus b10 (Bus b9 (Bus b8 (Bus b7 (Wire b6)))))"

let Alu_field = new_recursive_definition false Word27 ‘Alu_field®
"Alu_field "“w27 =
Word4 (Bus bi4 (Bus bi3 (Bus bi2 (Wire bi1))))"

let Test_field = new_recursive_definition false Word27
‘Test_field*
"Test_field ~“w27 =
Word4 (Bus b18 (Bus bi7 (Bus bi6 (Wire bi5))))"

% ssz==sssssssassss =%
% Define an increment function on objects of type :word9. %
% This is done by tail recursion on buses, with the Inc_9 %
% function converting to from and back to the :word9 type, %
% as well as selecting the bus returned by inc. %
Y '/.
% This is an implementation sort of definition, but is semsible %
% here since the "meaning" is not important, only the value, as %
% an argument to the ROM defintion. %



% === == Y,
let inc = new_recursive_definition false (theorem ‘bus‘ ‘bus_axiom‘)
‘inc’
"(inc (Wire b)
(inc (Bus b bus)

(Wire ("b),b)) /\

(let (bs,fg) = (inc bus)

in

(Bus (fg => b | b) bs, (fg /\ b)))

s

let Inc9 = new_definition
(‘Inco®,
"Inc9 = Word9 o FST o inc o Bits9"
)is

close_theory ();;
print_theory ‘-¢;;



2.1.2 dp_types

% SECD verification %
pA %
% FILE: dp_types.ml %
% %
% DESCRIPTION: Declares the wordn types used by the datapath. %
% Also defines field selectors, and various data %
% type related constants and functionms. %
./. ./‘
i USES FILES: load_wordn.ml, integer library %
% %
% Brian Graham 88.04.21 %
% %
% Modifications: %
% %
% ==== = =%

new_theory ‘dp_types‘;;

loadf ‘load_wordn‘;;
load_library ‘integer‘;;

map (declare_wordn_type true)
[ 2; Y% garbage bits and type bits of record Y
14; % pointer size Y%
28; ' number size Y%
32 Y record size Y

15

let NIL_addr new_definition
(‘NIL_addr®, "NIL_addr = #00000000000000")
new_definition

(‘NUM_addr*, "NUM_addr = #11111411111111")

and NUM_addr

and T_addr = new_definition
(‘T_addr®, "T_addr = #00000000000001")
and F_addr = new_definition
(‘F_addr‘, "F_addr = #00000000000010"); ;
let ZEROS14 = new_definition
(‘ZERDS14°, “ZEROS14 = #00000000000000")
and ZER0O28 = new_definition
(¢ZER0O28¢, "ZERO28 = #0000000000000000000000000000") ; ;

let RT_SYMBOL = new_definition
(‘RT_SYMBOL‘, "“RT_SYMBOL = #10")
new_definition
(‘RT_NUMBER‘, "RT_NUMBER = #11")

and RT_NUMBER

and RT_CONS = new_definition

(‘RT_CONS®, "RT_CONS = #00");;
Y ======s========= sub-field extractor functions ==sss=========z= ¥
% SEG and V are no longer defined in the system. further, the %
% definition of EL is reversed from the previous built-in defn. Y%
“ELOLl=nhd1l instead of the last element. %
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% thus, EL_CONV does weird things, and cannot be used.

l/. e mE——oom—m—mmme—

load_theorem ‘-‘ ‘Word32‘;;

let w32 = "Word32 (Bus b32 (Bus b31 (Bus b30 (Bus b29 (Bus b28
(Bus b27 (Bus b26 (Bus b25 (Bus b24 (Bus b23
(Bus b22 (Bus b21 (Bus b20 (Bus bi9 (Bus bi8
(Bus b17 (Bus b16 (Bus bi5 (Bus bi4 (Bus b13
(Bus b12 (Bus bii (Bus b10 (Bus b9 (Bus b8
(Bus b7 (Bus b6 (Bus b5 (Bus b4 (Bus b3
(Bus b2 (Wire (bi:bool)
DIDIIDIIDIIDIIIINININING;

let garbage_bits = new_recursive_definition false Word32
‘garbage_bits‘
"garbage_bits “w32 = Word2 (Bus b32 (Wire b31))";;

let mark_bit = new_recursive_definition false Word32
‘mark_bit*
"mark_bit “w32 = (b32:bool)";;

let field_bit = new_recursive_definition false Word32
‘field_bit*
"field_bit "w32 = (b31:bool)";;

let rec_type_bits = new_recursive_definition false Word32
‘rec_type_bits‘
"rec_type_bits "w32 = Word2 (Bus b30 (Wire b29))";;

let car_bits = new_recursive_definition false Word32
‘car_bits*¢
“car_bits “w32 =
Wordi4 (Bus b28 (Bus b27 (Bus b26 (Bus b25 (Bus b24 (Bus b23
(Bus b22 (Bus b21 (Bus b20 (Bus bi19 (Bus bis (Bus b17
(Bus b16 (Wire b15))))))NINI)N)";;

let cdr_bits = new_recursive_definition false Word32
‘cdr_bits*
"cdr_bits “w32 =
Word14 (Bus bi4 (Bus b13 (Bus bi2 (Bus bii (Bus bi0 (Bus b9
(Bus b8 (Bus b7 (Bus b6 (Bus b5 (Bus b4 (Bus b3
(Bus b2 (Wire b1))))))))IN)IN)";;

let atom_bits = new_recursive_definition false Word32

‘atom_bits*

"atom_bits ~“w32 =

Word28 (Bus b28 (Bus b27 (Bus b26 (Bus b25 (Bus b24 (Bus b23
(Bus b22 (Bus b21 (Bus b20 (Bus bi9 (Bus bi8 (Bus b17
(Bus b16 (Bus bi5 (Bus bi4 (Bus bi3 (Bus b12 (Bus bii
(Bus b10 (Bus b9 (Bus b8 (Bus b7 (Bus b6 (Bus b5
(Bus b4 (Bus b3 (Bus b2 (Wire b1)

INDNDDINIDIINIDIINIMIINIG;
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% ======s========= recognizer functions == %

% note that these operate only on the record type field %
% Revised 89.09.07 - they now work on ":word32" arguments. %
% = =%

let is_symbol = new_definition
(‘is_symbol®,

"!x:word32. is_symbol x = (rec_type_bits x = RT_SYMBOL)"
)is
let is_number = new_definition
(‘is_number®,
"!x:word32. is_number x = (rec_type_bits x = RT_NUMBER)"

)

let is_cons = new_definition
(‘is_cons®,
"!x:word32. is_cons x = (rec_type_bits x = RT_CONS)"
)i

let is_atom = new_definition
(‘is_atom‘,
"!x:word32. is_atom x = (is_symbol x \/ is_number x)"

)i
% ssssssssssssssssssssssssssssssssesssesssssssssss %
% Data abstraction functions. %
), =====zs==s====zzczzssosssossss=sm-zzzzossssssszoszssococoooossoos %
let bus_axiom = theorem ‘bus‘ ‘bus_axiom;;

let bv = new_definition
(‘bv’, "bv x = x => 1 | 0");;

let bv_thm = prove_thm
( ‘bv_thm‘,
"(bv T=1) /\ (bv F =o0)",
REWRITE_TAC [bv]);;

let val = new_recursive_definition false bus_axiom ‘val®
"(val n (Wire w) = n+n+ (bvw ) /\
(val n (Bus b bus) val (n + n + (bv b)) bus)

let Val = new_definition
(lvall’ "Val = val on);;

let iVal = new_recursive_definition false bus_axiom ‘iVal®
"(ival (Wire w) = neg (INT (bv w)) DAAN
(ival (Bus b bus) = INT (val 0 bus) minus
INT ((2 EXP (Width bus)) * bv(b)) )

"o
bl

close_theory ();;
print_theory ‘-¢;;
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2.2 Abstract Memory Type

Both the rtl and top level specifications use modulo integer operations that are declared in a
common theory file. The definition of the particular operations is not an issue at this level of
proof, but concerns the low level implementation of the ALU. Thus, at this level we need only
assure that the selected operation is indeed performed on the correct arguments, and leave the
description of the operation to a lower level of specification. Naturally, this will propagate to the
top level specification of the chip.

2.2.1 modulo.ops

% SECD verification %
% %
% FILE: modulo_ops.ml %
% %
% DESCRIPTION: %
% This theory merely introduces the constant names for the %
% modulo 28 arithmetic operations performed by the secd’s ALU. %
% These names are used in both the rt level spec, as well as %
% the top level spec, and thus for this stage of proof, no %
% definition for the terms is necessary. %
% The decriment operation will need definition, however, for %
% proof of the LD instruction. %
% %
% USES FILES: integer library %
% %
% Brian Graham 89.10.06 %
% %
% Modifications: %
Y %

new_theory ‘modulo_ops‘;;
load_library ‘integer‘;;

%= === == %
% We create new constants for the modulo arithmetic operations %
% that the machine executes. The definition of these operations Y
% will propagate through from the lower level definitions: %
% in proving the alu, we will show that the abstraction to %
i integers and operations performed on them constitutes a modulo %
% arithmetic operation. %
Yi=====z==z====z=======z====z====== %

new_constant ( ‘modulo_28_Dec‘, ":integer->integer");;

map new_curried_infix [ ‘modulo_28_Add°¢, ":integer->integer->integer"
; ‘modulo_28_Sub‘, ":integer->integer->integer"
I

close_theory ();;
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2.2.2 abstract_.mem_type

% SECD verification %
% %
% FILE: abstract_mem_type.ml %
./. ‘/.
", DESCRIPTION: I am attempting here to define memories as per %
% Ian Mason’s work on the Semantics of Destructive ¥
% Lisp. ]
% This differs from the original attempt in that the Y%
% selector functions also have “free" as an argument,
% although they apply the identity to it, never %
% changing the free pointer. This eases composition %
% of cons’es and selector functions (car’s cdr’s). %
% %
% This third revision alters the definition of the Y
% memory function type. This time the codomain of ¥
% the memory function is domain squared or atom. %
% This relieves the problem of a different mapping Y%
% for atoms that was implied by ian’s work, where %
% perhaps the pointer and atom are stored in same %
% field width, rather than placing atom in a %
% separate cell, as the secd implementation does. %
% %
% Brian Graham 88.08.17 %
0/' ./.
% Modifications %
% 89.05.25 - converted to hol88 type package %
% ====),

new_theory ‘abstract._mem_type‘;;
loadf ‘load_wordn‘;;
new_parent ‘modulo_ops‘;;

load_library ‘integer‘;;

% e
% General theory of Memory Structures: %
% Fdkskkokkkk ok ook ok ok ok ok ok ok K ook %
% C - the set of cells of memory %
% A - the set of atoms : h
yA includes (a subset of) the integers %
% symbols - including NIL, TRUE, FALSE %
% C and A are disjoint. %
v %
% V - the set of memory values: V= C U A %
% %
% mu - a memory, which is a function from finite subset of C %
% to the set of sequences of memory values: V¥ = (A U C)# %
% (This is a most general definition. In lisp we typically have Y%
% sequences of length 2 in cons cells.) %
% %
% delta(mu) = domain of mu %
v %
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% mu is in [delta(mu) -> (delta(mu) U A)x] %
% %
% M(A,C) - the set of all memories over A and C %
% %
% [v0o, ..., vn-1],mu - a memory object, consists of a memory %
% mu in M, and a sequence s.t. vi is in (delta(mu) U A) %
% (Intuitively, a memory and a set of values which EXIST in %
Y% that memory). %
% s=====3s== "
% === %
Theory of S-expression Memories: %
SRR AR AR AR ok ok ok koo %

A - includes Z (the integers), NIL, TRUE, FALSE, and unlimited Y%
collection of non-numeric atoms. %

%

mu - is in (delta(mu) -> (A U (delta(mu)~2))) %

ST SN ST ST ST T T

0 = (Car, Cdr, Cons, Rplaca, Rplacd, Atom, Add, Sub, Mul, Dec, ¥

Div, Rem, Eq, Leq, ... %
All operations except Cons are obvious. Cons will enlarge the Y%
domain (delta(mu)) of the memory, by selecting a new location Y
from free storage, and installing the arguments as its contents.Y

% Free storage is just (C - delta(mu)). %
% %
% cons([v0,vi];mu) = c;mu0 %
% where ¢ is not in delta(mu), and %
% mu0 = mu{c<-[vo,vi]} %
% %
% Rplaca and Rplacd update the contents of a location in memory, %
% but do not change the domain. %
h===== SSTSEsssS=ssssssssssssoszssssssssSssssssssssoszssssszszassss "%
% === = ===,
% Implementation of S-expression Memories: %
Y *% %
% I want to define a memory as a function from some domain to %
% (the domain squared Union some other set (atom)). %
% Thus it will be a type of two type variables, delta (for domain)Y
% and alpha (for the set of atoms). Thus we want: %
% delta -> (delta~2 U alpha) %
% %
% Now, the same idea for a memory with mark and field bits for %
% garbage collection: mfsexp. %
Y %
% For simplicity, a free list pointer will be included as an %
i argument to all functions on mfsexp_mem’s. Thus, the domain %
% of the function will not change, as done in the theory above. Y%
% Rather, the domain stays constant, and the cells not in the %
% domain of the theoretical version of the function, will be in %
% the free list. %
% This makes the allocation of cells explicit, and this is %
% really not an essential part of the specification - we don’t %
% care what shape the free list is in, as long as the relevant %
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% data structures are correctly manipulated.

%

% Memory is mapped onto an existing (function) type, and is
% defined in 2 steps:

% 1. define a recognizer function on the existing type.

% 2. show the type is nonempty.

let IS_mfsexp_mem = new_definition
(‘IS_mfsexp_menm*,
"IS_mfsexp_mem (rep_mfsexpmem:*->((bool#bool)#((*#*)+xx))) =
!cell:*. 7m f.
(?a d:*. rep_mfsexpmem cell = (m,f),INL(a,d)) \/
(? z:#%%. rep_mfsexpmem cell = (m,f),INR z)"

)i

let EXISTS_mfsexp_mem = prove_thm
(‘EXISTS_mfsexp_mem*,
"7m: *=>((bool#tbool ) #( (*#*)+%%)), IS_mfsexp_mem m",
EXISTS_TAC "(N\a:*. ((F,F),(INL (a,a)):(*d#*)+¥x))"
THEN port [IS_mfsexp_mem]
THEN in_conv_tac BETA_CONV
THEN GEN_TAC
THEN REPEAT (EXISTS_TAC "F")
THEN DISJ1_TAC
THEN REPEAT (EXISTS_TAC "(cell):*")
THEN MATCH_ACCEPT_TAC (REFL "x:*")
)i

./. T T D —— ———

% mfsexp_mem_thm = |- ?rep. TYPE_DEFINITION IS_mfsexp_mem rep

Y === = ==
let mfsexp_mem_thm = new_type_definition
(‘mfsexp_mem*,
"IS_mfsexp_mem: (* -> ((bool#bool)#((*#%)+x*)))~>bool",
EXISTS_mfsexp_mem
)is

Y= = = =

% Get the set of lemmas that Tom Melham’s type package provides.

./. S=EZS=EsSSSsS==sss===z===== =

h
%

loadt ‘wordn/new_ty_lem;;

map2 save_thm

( [ ‘REP_mfsexp_mem_11°
; ‘REP_mfsexp_mem_ONTO®
; ‘ABS_mfsexp_mem_11°¢
; ‘ABS_mfsexp_mem_ONTO®
; ‘ABS_mfsexp_mem_REP_mfsexp_men’
; ‘REP_mfsexp_mem_ABS_mfsexp_mem*
] , prove_new_type_lemmas mfsexp_mem_thm );;
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The type of memory that we want has: %

% domain: :wordi4 %
% range: :(bool # bool) # ((wordi4 # wordi4) + atoms) Y%
% The set of atoms includes: %
% integers %
% symbols %
% Among the symbols are the constants: NIL, TRUE, and FALSE. %
% (Note that the special values for TRUE and FALSE are not %
% typical for Lisp implementations, but are used by LispKit. %
% These values are used by 4 machine instructions: %
% SEL, ATOM, EQ, and LEQ.) %
% %
% Symbols other than those listed above can occur as arguments to %
% the compiled program. In the machine (and the actual memory) %
% they are represented by numbers. Program variables, on the %
% other hand, are not directly represented in the memory, but %
% instead, references to the variable are compiled into a LD %
% instruction with arguments that enable it to locate the %
% position where the value bound to the variable is stored. Thus %
% variables are not represented in the set of atoms. %
% %
% It may not be useful to define a new type for atoms, instead %
i of using the type ":integer+num" (?) alone. %
e = =
./' -======./.
% atom_thm = %
%1- 120 £1. 7t fn. (1i. fn(Int i) = £0 i) N\ %
% (!n. fn(Symb n) = £1 n) %
Y====z====z=======z==== ===z,

let atom_thm = define_type

‘atom_thm¢
‘atom = Int integer | Symb num‘;;

% == %
% 1- 'P. ('i. P(Int i)) /\ (!n. P(Symb n)) ==> (la. P a) %
f================ ==== %
let atom_Induct = save_thm

(‘atom_Induct, prove_induction_thm atom_thm);;
h= = = %
A 1-ta. (?i. a = Int i) \/ (?n. a = Symb n) h
‘/.==== EEEE e e T P O e e ./.
let atom_cases = save_thm

(‘atom_cases‘, prove_cases_thm atom_Induct);;
Y===== ==== =zz=z==z===3Y,
% Note that the functions: %
% prove_constructors_one_one and %
% prove_constructors_distinct %
% fail with atom_Induct. %
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