carmion

©C.M.

Carmion-1
The Carmion .
The Carmion-1
© Carmi Merimovich A subset of RISC-V64 was planned, but this will do, | guess
S
February 3, 2025
2/01
Classical Computer System smen Processor loop smen
©C.M. ©C.M.
Carmion-1 Carmion-1
The processor is a program in an infinite loop »
n
CPU - - /il - o 1. Instruction fetch -
T T T T 2. Instruction decode
Mermory BRR: Graphics Keyboard f 3. Instruction execute
Controller Controller Controller Controller . . .
The processor consumes machine instructions
M M
Memory Disk Monitor Keyboard

® This is how computer systems used to look
® We can still think they look like this
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Carmion’s Main Characteristics

Carmion'’s registers

carmion

©C.M. ©C.M.
Carmion-1 Carmion-1
® VVon Neumann architecture Internal Registers .
® Word size is 32 bits o Name Full name Width .
® Main memory size is 1024 words seq Sequencer 6
® The memory is word addressable f 28 Program Counter 10
® Two registers are available for programmin ir Instruction Register 32
& Prog & ar Address Register 10
> dr Data Register 32 >
haltReg Halt Register 1
ilglReg  lllegal Instruction Register 1
Programmer Accessible
Name Full name Width
r0 32
rl 32
5/91 6/91
Memory (RAM/ROM) = | Carmion’s Instructions Format e
©C.M. ©C.M.
Carmion-1 Carmion-1
. o o 31 121110 9 rtl
® Memory access nowadays is not exactly trivial o o
® We will use a simplified memory model e ‘ T SRS Hn‘ Address .
> M ds fast . . _ ‘
€emory respondas ras ‘ f|e|d ‘ meaning
» Only word access . ) _ ; > o
‘ Operation Code: Identifies the instruction
n : The number of the ‘left’ register
— read
i o m : The number of the ‘right’ register i
B P ~ Address : Memory address of operand ~

— addr

Recall: Von Neumann architecture
® Machine instructions are in memory

® The processor needs to bring the instructions in
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Carmion’s Machine Instructions

carmion

carmion

©C.M. ©C.M.
Carmion-1
ot 00000000000000000xxxxxxXxXXXXX :
000000000000000010xn|  addr | .
Iw rn,addr
000000000000000011xn|  addr | The Processor RTL
sw rn,addr
0000000000000001 00k xxxXXXXXK . ‘
add rn,rm 3 3
X 000000000000000101m| distance |
geu rn,rm
9/91 10/91
State Machine Conventions men Processor initialization cmen
©C.M. ©C.M.
® Each state has a unique number " reset : seq < 0,10 + 0,11 < 0 "
® The active state number is in the register seq : E To : pc < 512,
¢ No explicit mention of seq on an edge means seq + + Tp haItReg  0,ilglReg < 0
® For simplification the value of seq goes into a decoder L iy 2 A
° (A peculiar 1-hot method, | guess) The reset on 7[0] and [1] is a kludge for the alu flags
| | =

uP of— To
—|ctear dec.
S€q out 6 x 64
— load
in 63[— T63
\
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Instruction Fetch

carmion

Instruction Decode

carmion

©C.M. ©C.M.
Ty : ar< pc,pc<+ pc+1 op = ir[31 : 12]
Ty : dr < mjar] o Ty(op # 0)(op < 6) : seq < op << 3 -
Ts: ir<dr . Ts : haltReg + haltReg + 1 2
\ T : ilglReg + ilglReg + 1
‘ 17 - seq < 7
> >
13/91 14/91
halt (halt) @t | lw rn,addr (Load word) e
©C.M. ©C.M.
Processor stops " r[n] < [addr] -
Tg : haltReg < haltReg + 1 T : ar < ir[9: 0]
Ty: seq<+ 9 ; Ty7 . dr < mjar]
Tig: 7r[ir[10]] < dr,seq < 0
M D
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sw rn,addr (store word)

add rn,rm (add)

carmion

©C.M. ©C.M.
[addr] < r[n] o r[n] < rin] + r[m] -
Toy 0 dr = rlir[10]], ar « ir[9 : 0] T rlir[10]] = r[ir[10]] + r[ir[11]],seq + 0
Tos : mjar] < dr,seq « 0
)Y )
17 /91 18/91
bgeu rn,rm,off (branch greater equal) unsigned e e
©C.M. ©C.M.
If [n] >, r[m] then pc < pc +ir[9 : 0] " -
Tyo(r[ir[10] >, r[ir[11]]) : ir[9: 0
Tig(:r[lr[ Il 2 rlixii]) ssqipgﬂr[ } Building’ the Hardware
S >
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seq to the left of < (RTL)

carmion

©C.M. ©C.M.
e reset : seq < 0 ;fq
o T4(0 # op < 6) : seq < op << 3 -
: Ts : seq < 6 ‘
The seq register ' Ty seq 9
‘ Tis : seq < 0
Tos : seq < 0
> T3o : seq < 0 )
Tyo : seq < 0
21/01 22/01
seq to the left of <— (data path) @ | seq to the left of < (formulae) e
©C.M. ©C.M.
— py B o seqClear = reset "
—{ clear haltF ha
S€q out 5d>f Cé4 t = Tig + Tos + T3 + Tho :
—oaa I seqLoad = Ty(op < 6)(ir[31] + --- +ir[12]) + Ts + Ty + ¢
in 63— T63 " o
. : seqLoadSel; = Ts + Ty
{ir[M:u],s’bO(}3 D seqLoadSely = Ty + Ty
9 > >

s |
schoadSclie“Loadse 0

23/01
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seq to the left of < (control) e carmien
©C.M. ©C.M.
romet b ctene :
ir[31:12) seqow|— | The pc register
load
0 1 M 3
compare {ir[14:12],3'b0} m - -~
. 5
TeToy T4Ty
25/01 26/91
pc to the left of <— (RTL) =™ | pe to the left of «+— (data path) o
©C.M. ©C.M.
reset : pc < 512 - u‘p :
T : pc <+ pc+1 haltE —{clear haltE
Ty (r[ir[10]] > r[ir[11]]) : pc + pc+ir[9: 0] D e
—load
ir[9:0] —o 512 -
> v 3

27 /901

T 8 pcLoadSel
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pc to the left of « (formulae) carmien

pc to the left of <— (control) e
©C.M. ©C.M.
pcLoad = reset + Tyo(r([ir[10]] >, ir[11]]) e T“ -
pcLoadSel = Ty ot oo .
pcUp =T} , PC ow
‘ Tu0 D_“Di -
(rlir[10])>w rfix[11]) in
\‘ ir[9:0] —o 512 '
2 " 2
T ! T40
29/91 30/91
@ | haltReg to the left of «— (RTL) e
©C.M. ©C.M.
‘ To: haltReg < 0 .
ot Ts : haltReg < haltReg + 1 hattn
Ts : haltReg < haltReg + 1
The haltReg register
-

31/01
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haltReg to the left of <— (formulae) @ | haltReg to the left of «— (control) amen
©C.M. ©C.M.
haltRegClear = T ‘ 7875 .
haltRegUp = 15 + Ty T ? e
Ty —]clear v
haltRegout[—
> 0 —{load S
33/91 34/91
@ | ilglReg to the left of «— (RTL) e
©C.M. ©C.M.
‘ To : ilglReg <+ 0
b T5 : ilglReg < ilglReg + 1 e
The ilglReg register b
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ilglReg to the left of < (formulae) @ | ilglReg to the left of < (control) e
©C.M. ©C.M.
ilglRegClear = Ty ‘ T‘s N
llglRegUp = T5 llgl‘“‘eg Ty —|cicar ue l;;l!eg
' ilglRegout|— -
i 0 —]load
T
> >
37/01 38/91
smen ar to the left of < (RTL) smen
©C.M. ©C.M.
‘ Ty : ar <+ pc .
o Ti6: ar < ir[9: 0]
‘ Toy: ar <+ ir[9: 0] -
The ar register
\ .
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ar to the left of < (data path) “mer | ar to the left of < (formulae) carmion
©C.M. ©C.M.
“‘p . arLoad = T1 + Thg + Toy N
— clear haltF ha
ar ous|— o arLoadSel = Tj i
— load
ir[9:0]
2 >
.
arLoadSel
41/91 42/91
ar to the left of < (circuit) e —
©C.M. ©C.M.
0
‘ o
0 —clear ‘. e ;
ar outf— dr
Tl’g% load j The dr register
T24 in
ir[0:0] > 3
-
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dr to the left of - (RTL) “mer | dr to the left of < (data) e
©C.M. ©C.M.
Ty :  dr + mjar] \ e :
Ti7: dr < mlar] o N i -
Ty : dr « r[ir[10]] . dr el memout .
:h” — load — addr dyr”
L
> >
o
r[1]
drLoadsSel {"02d5¢lo
45 /91 46 /91
dr to the left of + (formulae) “mer | dr to the left of <— (control) e
©C.M. ©C.M.
drLoad = Ty + Ti7 + Ty ‘ T .
eroadSell = T24 ‘ “‘ o Lo up \
drLoadSely = ir[10] ar dr out|— a
: #D— "
> )

47/91

ir[10
Ty, 0O
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carmion

@ | Memory Access (RTL)
©C.M. ©C.M.
Ty : dr < mjar] ;
z Ti7: dr < mar]
Tos : mlar] < dr ;
Memory Access wemory s
) —~
49/91 50/91
Memory Access (data path) “mer | Memory access (formulae) carmen
©C.M. ©C.M.
e e : memRead = T + T'7 »
—{ clear —] write t . ha
dI‘ out in IIE€THont = ' memwrlte = T25 :
— load —address !
: ‘
> )

51/91

52/01




Memory Access (control) carmen carmin
©C.M. ©C.M.
Ty ‘
) D> ‘ .
Tor — write haltE ha
* | mMemMmous — ilglReg ilg
—( address . .
Memer The ir register
> >
53,91 5491
ir to the left of < (RTL) “mer | ir to the left of <— (control) e
©C.M. ©C.M.
T3 : ir<dr : u‘p .
haltF clear ha
- ir out ‘
load
D >
‘_‘ clear -
dr
load

55/91

56/91




carmion

ir to the left of < (formulae) “mer | ir to the left of <— (control)
©C.M. ©C.M.
irClear = reset : T :
irLoad = T3 s reset —etenn :
ir outf—
. T3 —|10ad -
"
)Y )Y
57/91 58 /91
“mer | r[n] to the left of < (RTL) e
©C.M. ©C.M.
‘ reset : r[0] - 0,7[1] < 0 .
o Tig:  r[ir[10]] + dr
‘ Tso:  r[ir[10]] < 7[ir[10]] + r[ir[11]]
r[n] to the left of =
n] r[n]
)» )Y
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carmion

ALU (data path) “m | r[n] to the left of <— (data path)
©C.M. ©C.M.
ing
mux(g out !
ing “ E ing ‘
selg ® iny
outMux out out in dr out ing ALU out
1 sel ' —selg fer
- e o
sely
0 ltu Itu l: ::
bemp ea eq
E gtu - gtu
ing Lo > leu
op ;
geu
61/91 62/91
r[n] to the left of +— (formulae) “mer | ALU (control) armen
©C.M. ©C.M.
rOReset = reset ‘ ] n? ;
r0Load = Tsir[10] + T2ir[10] x e ALY e
sel]  op
, i
r1Reset = reset ‘ Tyy ‘
r1Load = Tlgir[lo} + T521r[10] rln] ,v[lL]
\,‘ 3
aluSely = ir[10]
aluSel; = ir[11]
alqu = T24
64/91
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r[n] to the left of <— (control)

carmion

carmionl datapath |

carmion

©C.M. ©C.M.
0 Listing 1: demo/01_carmionl/dp.v
L . ‘timescale 1ns/lns ;
B clear R
‘ﬁi 107 [0] out [— module dp ( N
ir[10] reset output aluEq,aluGeu,aluGtu,aluleu,alultu,
\ - output [9:0] arOut, o
o ) output [31:0] drOut, )
| output [31:0] irOut,
T1ig cear " input alulp,
wH ““TU}““* input arLoad, arLoadSel,
et input [31:0]drInOpt,
T input drLload,
input [1:0]drLoadSel,
input irClear, irLoad,
65/91 66/91
carmionl datapath Il “mer | carmionl datapath Il smen
©C.M. ©C.M.
input pcload, pclLoadSel, pcUp, clk
input rOLoad, );
input rillLoad, e .
input reset, ’ wire [9:0] pcOptions[2];
input clk wire [9:0]pcAdd;
) assign pcOptions [0] = 10°’(512);
// o assign pcOptions[1] = pcAdd; o
// pc 3 binaryAdder #(10) c_pcadd(,,pcAdd,pcOut yirQut [¢
// muxMulti #(1,10) cpcIn(pcIn,pcOptions|,pcLoadSel
wire [9:0]pcOut,pcln;
register #(10) pc( //
pcOut ,pcIn,, // ar
1°b0, 1°b0, //
1°bo, wire [9:0]arlIn;

pcUp, pcload, 1’b0,

67/91

register #(10) ar(
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carmion carmion

carmionl datapath IV carmionl datapath V

©C.M. ©C.M.
arOut ,arIn,, wire [31:0]drIn;
1°b0, 1°b0, : wire drLoad;
1’0, 1’°b0, - register #(32) dr( .
arLoad, 1°b0, drOut ,drlIn,, §
clk . 1°b0, 1°bO,
); ' 1°b0, 1°b0,
wire [9:0]arOptions [2]; o drLoad, 1°’b0, o
assign arOptions[0] = irOut[9:0]; DR clk 3
assign arOptions[1] = pcOut; )
muxMulti #(1,10) c_arIn(arIn, arOptioms, arLoa wire [31:0]drOptions[4];
assign drOptions[0] = drInOpt;
assign drOptions[1] = drInOpt;
// assign drOptions[2] = rOOut;
// dr assign drOptions[3] = riOut;
// muxMulti #(2,32) c_drIn(drIn, drOptioms, drLoad
69/91 70/91
carmionl datapath VI “mer | carmionl datapath VII smen
©C.M. ©C.M.
//
//
// ir - wire [31:0] ri10ut,rO00ut; -
// o register #(32) ro(
register #(32) ir( . r0Out ,alulut, ,
irOut ,drQOut,, i 1’b0, 1°b0,
1°b0, 1°b0, - 1°b0, 1°b0, o
1°’b0, 1°b0O, S ibow rOLoad, reset, >
irLoad, irClear, clk
clk D g
) g register #(32) ri(
ri10ut ,alulut,,
1°’b0, 1°b0O,
// 1°’b0, 1°b0O,
// alu rilLoad, reset,
71/91 72/91




carmionl datapath VIII @ | carmionl alu (datapath) | e
©C.M. ©C.M.
clk
Y ‘ Listing 2: demo/01_carmionl/alu.v
- ‘timescale 1ns/lns -
wire [31:0]alulut; : ‘
wire aluSelO,aluSell; o // "
wire alultu,aluEq,aluGtu,aluleu,aluGelu;" // op:
alu alu(alqu,aluGeu,aluGtu,aluLeu,aluLtH, // 2 - dr ,@
aluOut , S tew // )
r00ut ,r10ut ,drOut , module alu(
irOut [10],irOut [11],alulp); output eq,geu,gtu,leu,ltu,
output [31:0]out,
endmodule input [31:0]1in0,in1,in2,
input selO, sell,
input op
);
73/91 74/91
carmionl alu (datapath) Il “mer | carmionl alu (datapath) Il e
©C.M. ©C.M.
assign options[0] = sum;
wire [31:0]opt0[2], optil[2]; ‘ assign options[1] = in2;
wire [31:0]arg0,argl; e -
assign opt0[0] = in0; o muxMulti #(1,32) c_out (out,options,op);
assign optO[1] = inil; v -
assign opt1[0] = inO0; ‘ comparator #(32) cond(ltu,eq,gtu,argl,argl);
assign optl[1] = inil; o o
muxMulti #(1,32) c_arg0O(arg0,opt0,sell0)} orGate c_aluLequ(leu,ltu,eq); >
muxMulti #(1,32) c_argl(argl,optl,sell); orGate c_aluGequ(geu,gtu,eq);
wire [31:0] sum; endmodule

binaryAdder #(32) ba(,,sum,arg0,argl,1’b0);

wire [31:0]options[2];
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carmionl datapath |

carmion

carmionl datapath Il

carmion

©C.M. ©C.M.
Listing 3: demo/01_carmionl/ctl.v parameter T_ilgl = 5;
‘timescale 1ns/1lns e parameter T_ilglDone = T_ilgl + 1; e
parameter opCodeHalt = 1; parameter T_halt = opCodeHalt * T_OP;
parameter opCodelw = 23 parameter T_haltDone = T_halt + 1;
parameter opCodeSw = 35 o o
parameter opCodeAdd = 4; > 3
parameter opCodeBgeu = 5; parameter T_lw = opCodelLw * T_OP;
parameter T_lwDone = T_lw + 2;
parameter T_SHIFT = 3;
parameter T_OP = (2%*T_SHIFT); parameter T_sw = opCodeSw * T_OP;
parameter T_swDone = T_sw + 1;
parameter T_FETCH = 1;
parameter T_SWITCH = 4; parameter T_add = opCodeAdd * T_OP;
77/91 78/91
carmionl datapath Il “mer | carmionl datapath IV smen
©C.M. ©C.M.
parameter T_addDone = T_add; output rilLoad, -
input aluEq, aluGeu, aluGtu, alulLeu, alulLtu,
parameter T_bgeu opCodeBgeu * T_OP;| input [31:0]ir, lu
parameter T_bgeuDone = T_bgeu; ' input Treset,
input clk
module ctl( )
output aluOp, o // e
output arLoad, arLoadSel, > // seq 3
output drLoad, //
output [1:0]drLoadSel, wire [(T_SHIFT+3)-1:0]seqOut,seqln;
output flagHalt, flagllgl, wire seqClear ,seqload,seqUp;
output irClear, irLoad, register #(T_SHIFT+3) seq(
output memRead, memWrite, seqOut ,seqln,,
output pcLoad, pcLoadSel, pcUp, 1°b0, 1°b0,
output rOLoad, 1°p0,

79/91
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carmionl datapath V

carmion

carmionl datapath VI

carmion

assign pcUp=t[1];

83/901

assign flagHalt=haltOut;

//

84 /91

©C.M. ©C.M.
seqUp, seqload, seqClear, muxMulti #(2,T_SHIFT+3) cseqIn(seqln,lseqOptions
clk
) e wire opLegal; i
- comparator #(20) c_opLegal (oplLegal,,,[ir[31:12],
wire [2%*(T_SHIFT+3)-1:0]t; andGate c_seqSwitch(seqSwitch,t[T_SWITCH], opLeg
decoder #(T_SHIFT+3) timing(t,seqOut);
o wire [5:0]allDone; o
wire [1:0] seqlLoadSel; 3 assign allDone [0]=seqSwitch; 3
wire [T_SHIFT+3-1:0]seqOptions [4]; assign allDone [1]=t[T_haltDone];
assign seqOptions [0] = T_FETCH; assign allDone [2]=t[T_lwDonel];
assign seqOptions[1] = {ir[14:12] ,{(T_SHIFT) ’( assign allDone [3]=t[T_swDonel];
assign seqOptions[2] = T_ilglDone; assign allDone [4]=t[T_addDonel;
assign seqOptions[3] = T_haltDone; assign allDone [56]=t[T_bgeuDonel;
orGate c_seqlLoadSell(seqlLoadSel[1],t[T_ilglDong
orGate c_seqlLoadSelO(seqlLoadSel [0],t[[T_SWITCH] orMulti #(6) c_seqlLoad(seqload,allDonle);
81/91 82/91
carmionl datapath VII @™ | carmionl datapath VIII e
©C.M. ©C.M.
‘ //
orGate cseqClear (seqClear ,reset ,reset|); // haltReg
e // -
norGate cseqUp(seqUp,seqlLoad,seqClear]);. wire haltOut ,haltUp;
register #(1) chaltReg(
haltQOut,,,
// o 1°’b0, 1’bO, o
/] pc g 1°b0, haltUp, 3
// 1°b0, t[o],
andGate c_condGeu(condGeu,t[T_bgeul, dluGeu); clk
orGate c_pcLoad(pcLoad,t[0],condGeu); DE:
assign pclLoadSel = t[T_bgeul; orGate chaltUp(haltUp,t[T_ilgl],t[T_haltl);




carmionl datapath IX =™ | carmionl datapath X smen
©C.M. ©C.M.
// ilglReg ‘ // ar
// //
wire ilglOut,ilglUp; haltt or3Gate carLoad(arLoad,t[1],t[T_1w],t/[Tusw]);
register #(1) cilglReg( o assign arLoadSel = t[1]; -
ilglOut,,,
1’b0, 1°b0O,
1’10, rin] // r\lu
ilglUp, 1°b0, t[0], Do tves // dr D
clk //
) or3Gate cdrLoad(drLoad,t[2],t[T_1lw+1]|,t[T_swl);
assign ilglUp = t[T_ilgl]; assign drLoadSel={{t[T_swl},{ir[10]}};
assign flagllgl = ilglOut;
//
// // Memory
85/901 86,91
carmionl datapath XI “mer | carmionl datapath XII smen
©C.M. ©C.M.
// ‘ assign alulOp = t[T_lw+2];
orGate cmemRead (memRead ,t[2],t[T_1lw+11);
assign memWrite-t[T_sw+1]; - notGate ir10n(iri10n,ir[10]);

andGate crOloadLw (rOLoadLw ,t[T_lw+2] ,ir10On);
andGate crOloadAdd (rOLoadAdd ,t[T_add]|,izl0n);

// ‘ orGate <c¢_rOLoad(rOLoad,rOLoadLw,rOLoadAdd) ;

/] ir rin] r'[l»]

// ST ivem andGate criloadLw (riLoadLw, t[T_lw+2] 3}ir[10])

assign irLoad=t[3]; andGate crilloadAdd(rilLoadAdd,t[T_addl|,ir[10]);

assign irClear=reset; orGate c¢_rillLoad(riload,ri1lLoadLw,riloadAdd);
endmodule

//

// rln]

//
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©C.M.

Finally, Software

89/91

Y4 Software

512
513
514
515
516
517
518
519
520
521

W N = O

010000000000000
010010000000001
100100000000000
011000000000000
010000000000011
100010000000000
011010000000001
010000000000010
101101111110111
001000000000000

000000000000000
000000000000000
000000000001010
000000000000001

.code
loop: lw
Iw
add
sw
Iw
add
sw
Iw
bgeu
halt
.data
sum: .word
i .word
n: .word
one: g, yvord
.end

r0,sum
rl)i

r0,rl
r0,sum
r0,one
rl,r0

rl,i

rO,n
r0,r1,loop

o

carmion

©C.M.

Assembler Symbol Table

carmion

©C.M.

Label | Address

i 1 o
n 2 M
loop 512 \
one 3

sum 0
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