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Clock rate is mainly determined by X
\

Switching speed of gates (transistors)

The number of levels of gates

« The maximum number of gates cascaded in series in any
combinational logics.

* In this example, the number of levels of gates is 3.
Wiring delay and fanout
The slowest of all paths is called the critical path

_‘— fanout=2 .
Reai = fanout=1 ReglsTer
eQ'STer AND gate
OR gate :)—

AND gate
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! 2
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RISC-V RV32I instruction format

31 25 24 20 19 15 14 12 11 7 6 (%]
| funct? | rs2 | rsl | funct3 | rd | opcode |R—type
| imm[11:0] | rsl | funct3 | rd | opcode |I-type
| imm[11:5] | rs2 | rsl | funct3 | imm[4:0] | opcode |S-type
|imﬁ12LimmUﬁ:5” rs2 | rsil | funct3 |MWMJH,HMH1H opcode |B—type
| imm[31:12] | rd | opcode |U-type
| imm[20],imm[10:1],imm[11],imm[19:12] | rd | opcode |J—type
opcode5[2:0
i [2:0]] pep 001 010 011 100 101 110
opcode5[4:3]
LOAD MISC-MEM OP-IMM AUIPC
00 LOAD-FP | custom-0 OP-IMM-32
(I-type) (I-type) | (I-type) | (U-type)
STORE oP LUI
01 STORE-FP | custom-1 AMO OP-32
(S-type) (R-type) | (U-type)
10 MADD MSUB NMSUB NMADD OP-FP op-y |custom-2/
rv128
11 BRANCH JALR reserved JAL SYSTEM reserved custom-3/
G (B-type) | (I-type) (J-type) | (I-type) rvl28




RVCpu: 5-stage pipelining processor \
\

« IF (Instruction Fetch) A BUMNSEHFEITIVFI 5,

« ID (Instruction Decode) fisZETIa—F (#5) LEMNS, LORADEEZGEA T,
«  EX (Execution) i FIREDETEIITFLADERZETTD,

*  MA (Memory Access) BWBETHNIL, T—R-AEURDARSURIZTIERT D,

«  WB (Write Back) BETHNIL. FERELDRFZEERALD,

IfId
~ IdEx ExMa MalWb
> M | BRU
xR = B
= Ifibr‘ipr‘edipcm SIX <
'5 | BTB —/ =2 &
o 5 —/ ALU =
—>| regfile 9/\ N .
Ma_br_true_pc z || )
c > <
) IR =
2} or;i;> - QIQ —> K
5 + iy —/ ~ MUL/DIV/CFU
> | s —7—) ~ a
° ks > —> @ g —
A + :Cg ﬁlg
pre_
decoder
o TN sU
-
—> l,“?, imem L ,5 decoder - . dmem LU
> { imm_gen | ~ -
WB
IF stage ID stage EX stage MA stage stage

A“f_a'

P CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo



Why do branch instructions degrade IPC?

« The branch taken / untaken is determined in the execution stage of

\
the branch.

« The conservative approach of stalling instruction fetch until the branch
direction is determined.

ccl cc2 cc3 cc4d cc5| cc6 cc7 cc8 cc9 «cclo
1 add | IF [ 1> | EX [MEM]| wB
2. add [ IF [ 1> | EX [MEM| WB |
3. bne [ IF [ 0 | EX [MEM] WB ]
4. add Control dependency |_TF | TD | EX | MEM] WB |
5. add | IF | ID | EX |MEM| WB |
6. add [ IF [ 0 | EX [MEM| WB |
7. add [ IF [ 0 | EX [MEM] wB |

five stages pipelined processor executing instruction sequence with a branch

~ ==
! 5
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Deeper pipeline

 In conservative approach, IPC degradation will be
significant by deeper pipeline

\
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ccl cc2 «cc3 cc4d cc5 cc6b cc7 | cc8 cc9 cclo ccll ccl2 ccl3 ccld
1 add | IF | b1 | ID2 | ID3 | EX | MEM| WB
2  add | IF | ID1 | ID2 | ID3 | EX | MEM| WB |
3. bne | IF | ID1 | ID2 | ID3 | EX [ MEM| WB |
4., add Control dependency | IF | ID1 | ID2 | ID3 | EX | MEM]| WB ]
5. add | IF | ID1 [ ID2 | ID3 | EX | MEM | WB |
6. add | IF | ID1 | ID2 | ID3 | EX | MEM| WB |
7. add | IF | ID1 [ ID2 | ID3 | EX | MEM |




EWAURROSRTITVF
\

o INATSAVIZNTNZEELSERN=OIZ, FHFIRGTETTY

FLE=FFIZRDI3D%ZF 8 (prediction) 5.

» JIVFLTV S ENSIRa T ?

. DEETRLZ(32bit)

o S A E]

I8 AL (Taken) 73 I S A 3L (Not taken, Untaken)h 2

« Speculation assuming the prediction is true

+ No penalty by a branch instruction when the prediction hits

« Recovery when the miss is detected
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H>27)L7 0% 5L Vector Add

#define VSIZE 4
void vadd(long *A, long *B, long *C){
for(i=0; i<VSIZE; i++)
C[i] += (A[1] + B[i]);

Bl[ i=0 ]
BZ/*Ci*C+(*A+*B)\

i++
A++
B++
C++

\_ <4 -

Falsel True
wW#EoI0—o57 B3 [ eturn ]
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ST IIER TRl Branch Always

Taken(1), = . mL. R .
Not Taken(0) /T\Jot Taken (0)  /Not Taken (0) /Not Taken (0) / Taken (1)
B1 B2 B2 B2 B2 B3
/ Taken (1) Taken (1) Taken (1) Not Taken (0)
MBY NSHEMaGT D5
* Branch Always: &I/ ALY o
HEFHITS. B2 (7 *C=*C+(*A+*B) )
o FDOHITIE, FRIKIZELT5%, It
SRXFE25% gii
o FRID-HODATRVEBLEELIELY. False, - <4
¢ FHEIELRIEEDLDTIEAL. not take

B3

)

n

True,
taken

\
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SUTWESIRF R 2Evb VA

FL—RTF—4

(DETFTRLR, HlEFEER) — — — —

0040d6c5 1 0040d89c 1 / / / /

0040d6b8 1  0040d89c 1

0040d6bc 0  0040d89c 1

0040d6c5 0 0040d89c 1 . 2EvkAYUAET

0040d6df 0040d89¢ 1 4 \

0040d71f g 0040d89¢ 1 « KERGRY, BATEOFIE

0040d736 0 004089 O . 2EVMAYUADREEICE LT

0040d7ab 0 0040d8a2 0 o

0040d7cd 0 0040d8cO 1 = FPRIOIZHDOAE)(E2E VE

0040d7f9 0  0040d8c4 0 = JREEDEH

0040d81e 1  0040d8cd 1

0040d7F9 1 0040d8c0 0

0040d81e 1  0040d8c4 1

0040d7f9 0  0040d8cd 1

0040d81e 0  0040d8c0 1 |

0040d83d 0  0040d8c4 0 2 bit

0040d86d 1  0040d8cd 0

0040d86d 1  0040d8e7 0

0040d86d 1 00404923 1 -

0040d86d 1 0040d7ab 0 Taken

0040d86d 1 0040d7cd 0 - dntator o1y o= = Cuntaren 2oy s

0040d86d 1 00dod7fg o | recierion 1 Untaken L9
~@"”' Untaken ~
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H>27)L7 0% 5L Vector Add

Taken(1), 3\%
Not Taken(0) B3| — B3} —> (B3 —  [B2| (—

/Not Taken (0) /Not Taken (0) /Not Taken (0) / Taken (1)
Bl BE B2 BE B2 BE B2 BE B2 B3

o1 o1 o1 O O

#define VSIZE 4 B1 [ =0 }
void vadd(long *A, long *B, long *C) { l
for (i=0; i<VSIZE; i++) BE
if (A[i]<0) error_routine(); [ Error check }
C[i] += (A[i] + B[il); 1 ~
} B2 [
} *C = *C + (*A + *B)
Falsel True
, o B
sion—4557 53 eun

~ =
@ 12
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Bimodal branch predictor (ISCA 1981)

Taken(1),

B3] — B3| — B3] — B2 —
Not Taken(0) / 0 / 0 / 0 / 1
Bl BE B2 BE B2 BE B2 BE B2 B3
0 0 1 0 1 0O O
BE: O 0 0 0
B2: 1 1 1 0
s DIEFRLR(TRTSLAIVA) BIZEREZUIYEZS
= FIRTFFLRIZEYINE—VBER(PHT) DAV TIIRAEERK
s NAI—VEBRRIF2EVRADIUZDES.
Pattern History Table (PHT) e _Taken
Program n Strongly Weakly
Counter 2% entry Taken (11) Untaken Taken (10)
| |
Taken PR Untaken
n Prediction -7
a > EE— Weakly & Strongly
Untaken (01) ?Jr;caTie: Untaken (002 )
0 2 bit Untaken

Af_a'
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Bimodal branch predictor (ISCA 1981)

1 module m bimodal(w clk, w_radr, w _pred, w_wadr, w _we, w_tkn);
2 input wire w_clk, w_we;

3 input wire [4:0] w_wadr, w_radr;

4 input wire w_tkn;

5 output wire w_pred;

6 reg [1:0] mem [0©:31];

7 wire [1:0] w_data = mem[w_radr];

8 assign w_pred = w_data[l];

9 wire [1:0] w_cnt = mem[w _wadr];
10 always @(posedge w _clk) if (w_we)

11 mem[w_wadr] <= (w cnt < 3 & w tkn) ? w cnt + 1 :

12 (wecnt > 0 & 'w tkn) ? w cnt - 1 : w_cnt;
13 integer i; initial for (i=0; i<32; i=i+1) mem[i] = 1;

14 endmodule

Taken

Taken (11) Untaken Taken (10)
-~
Untaken

Weakly Taken Strongly
Untaken (01 —— -’ Untaken (00 )
Untaken

Taken ,»

w -
Untaken
CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo



Direct Mapped Cache Example

 One word/block, cache size = 1K words \
Byte
3130 1312 11 210
x/ offset
Hit Tag .20 10 Data
t Index 4
Index Valid Tag Data
0
1
2
- |
1021 I
1022
1023
120 .32
S What kind of locality are we taking advantage of?
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Bimodal branch predictor and BTB of CFU PG

“define BTB_IDXW $clog2( BTB_ENTRY) // BTB index width
“define BTB_OSTW $clog2(” XBYTES) // BTB offset width
module bimodal (
input wire clk i,
input wire rst_i,
input wire stall i,
input wire [ 31:0] raddr_i,
output wire [ 1:0] pat_hist o,
output wire br _pred _tkn o,
output wire [TPC_W-1:0] br_pred pc_o,
input wire br tkn i,
input wire br_tsfr_i,
input wire [ 31:0] waddr_i,
input wire [ 1:0] pat_hist i,
input wire [ 31:0] br_tkn pc i
)s
integer i,
(* ram_style = "block"™ *) reg ["PC_W-1:0] btb[@: BTB_ENTRY-1]; // BTB, branch target buf
initial for (i = @; i < "BTB_ENTRY; i = i + 1) btb[i] = @; // init with weak untaken
wire [1:0] w_cnt = (br_tkn i) ? pat hist i + (pat _hist i < 3)
wire [ BTB_IDXW-1:0] btb_ridx = raddr_i[ BTB_IDXW+ BTB_OSTW-1: BTB_OSTW];
wire [ BTB_IDXW-1:0] btb_widx = waddr_i[ BTB_IDXW+ BTB_OSTW-1: BTB_OSTW];
reg [31:0] r_btb_entry;
always @(posedge clk i) if (!stall i) begin
r_btb_entry <= btb[btb_ridx];
if (br_tsfr_i) begin
btb[btb_widx] <= {br_tkn_pc_i[ PC_W-1:2], w_cnt}; // lower tow bits for counter
end
end
assign pat _hist o = r_btb entry[1:0];
assign br_pred_tkn_o = r_btb_entry[1];
assign br pred pc o = {r_btb entry[ PC W-1:2], 2'b0};
endmodule

: pat_hist i - (pat_hist i > 0);
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Benchmark for CBP(2004) by Intel MRL and IEEE TC uARCH.
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8KB hardware budget

O Branch Always
O 2bit counter

B Bimodal
_‘i»rl:h NN N NN EENE RSN EENE N
TYTYSTYRYSIYICLINDIY ¢
A Ao 0o oo F F F B > > > > > ©
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