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CHAPTER 2

Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 19



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 20



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 21



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 22



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 23



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 24



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 25



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 26



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 27



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 28



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 29



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 30



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 31



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 32



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 33



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 34



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 35



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 36



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 37



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 38



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 39



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 40



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 41



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 42



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 43



A AA A ZA AA A Z Z

Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 44



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 45



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 46



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 47



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 48



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 49



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 50



Sarah L. Harris and David Harris    Exercise Solutions – Digital Design and Computer Architecture: RISC-V Edition   © Elsevier 2021

Page 51



Exercise 2.49

(a)

Pull-down network directly from equation:

W

C C
A B

C

C

D

Now perform DeMorgan’s on the equation to make it easy to draw the pull-up network.

Now we add the pull-up network according to this equation. Note that the method we used in Chapter 1 
of changing parallel (OR) connections to serial (AND) connections and vice versa is graphically applying 
DeMorgan’s theorem.
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(b)

First, we build the pull-down network directly using the equation above:

X

A A
A

B C

A

D

D

D D

Now perform DeMorgan’s on the equation to draw the pull-up network.

(Note that we could reduce it further by using distributivity, but that wouldn’t reduce the number of 
transistors.)

Now we add the pull-up network according to this equation. Note that the method we used in Chapter 1 
of changing parallel (OR) connections to serial (AND) connections and vice versa is graphically applying 
DeMorgan’s theorem.
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Exercise 2.50

(a)
First, we build the pull-down network directly using the equation above:

A

C

B

D

W

Now perform DeMorgan’s on the equation to draw the pull-up network.

)     

Now we add the pull-up network according to this equation. Note that the method we used 
in Chapter 1 of changing parallel (OR) connections to serial (AND) connections and vice 
versa is graphically applying DeMorgan’s theorem.
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(b)  

First, we build the pull-down network directly using the equation above:

X

A A
A

C

A

D

D

D D B

Now perform DeMorgan’s on the equation to draw the pull-up network.

     

Now we add the pull-up network according to this equation. Note that the method we used in Chapter 
1 of changing parallel (OR) connections to serial (AND) connections and vice versa is graphically 
applying DeMorgan’s theorem.
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(c)

First, we build the pull-down network directly using the equation above:

Y
A

B C

A

BB B

D C
C C

D

A A

Now perform DeMorgan’s on the equation to draw the pull-up network.
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CHAPTER 3
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CHAPTER 4
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CHAPTER 5
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Exercise 5.11  

SystemVerilog 
module alu(input  logic [31:0] a,  

           input  logic [31:0] b, 

           input  logic [1:0]  alucontrol, 

           output logic [31:0] result);  

 

  logic [31:0] condinvb, sum; 

   

  assign condinvb = alucontrol[0] ? ~b : b; 

  assign sum = a + condinvb + alucontrol[0]; 

   

  always_comb 

    case (alucontrol) 

      2'b00:    result = sum;                    // add 

      2'b01:    result = sum;                    // subtract 

      2'b10:    result = a & b;                  // and 

      2'b11:    result = a | b;                  // or 

      default:  result = 32'bx; 

    endcase 

endmodule 

 

Exercise 5.12  

SystemVerilog 
module alu(input  logic [31:0] a,  

           input  logic [31:0] b, 

           input  logic [1:0]  alucontrol, 

           output logic [31:0] result, 

           output logic [3:0]  flags); 

 

  logic [31:0] condinvb, sum; 

  logic        v, c, n, z;     // flags: overflow, carry out, negative, zero 

  logic        cout;           // carry out of adder 

  logic        isAddSub;       // true if is an add or subtract operation 

   

  assign flags = {v, c, n, z}; 

  assign condinvb = alucontrol[0] ? ~b : b; 

  assign {cout, sum} = a + condinvb + alucontrol[0]; 

  assign isAddSub = ~alucontrol[1]; 

   

  always_comb 

    case (alucontrol) 

      2'b00:    result = sum;                    // add 

      2'b01:    result = sum;                    // subtract 

      2'b10:    result = a & b;                  // and 

      2'b11:    result = a | b;                  // or 

      default:  result = 32'bx; 

    endcase 

 

  assign z = (result == 32'b0); 

  assign n = result[31]; 
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  assign c = cout & isAddSub; 

  assign v = ~(alucontrol[0] ^ a[31] ^ b[31]) & (a[31] ^ sum[31]) & isAddSub; 

endmodule 

 

Exercise 5.13  

SystemVerilog 
module alu(input  logic [31:0] a,  

           input  logic [31:0] b, 

           input  logic [2:0]  alucontrol,   

           output logic [31:0] result);  

 

  logic [31:0] condinvb, sum; 

  logic        cout;           // carry out of adder 

   

  assign condinvb = alucontrol[0] ? ~b : b; 

  assign {cout, sum} = a + condinvb + alucontrol[0]; 

   

  always_comb 

    case (alucontrol) 

      3'b000:   result = sum;                    // add 

      3'b001:   result = sum;                    // subtract 

      3'b010:   result = a & b;                  // and 

      3'b011:   result = a | b;                  // or 

      3'b101:   result = sum[31];                // slt 

      default:  result = 32'bx; 

    endcase 

endmodule 

 

 

Exercise 5.14  

SystemVerilog 
module alu(input  logic [31:0] a,  

           input  logic [31:0] b, 

           input  logic [2:0]  alucontrol, 

           output logic [31:0] result, 

           output logic [3:0]  flags);  

 

  logic [31:0] condinvb, sum; 

  logic        v, c, n, z;     // flags: overflow, carry out, negative, zero 

  logic        cout;           // carry out of adder 

  logic        isAddSub;       // true if is an add or subtract operation 

   

  assign flags = {v, c, n, z}; 

  assign condinvb = alucontrol[0] ? ~b : b; 

  assign {cout, sum} = a + condinvb + alucontrol[0]; 

  assign isAddSub = ~alucontrol[1]; 

   

  always_comb 

    case (alucontrol) 

      3'b000:   result  = sum;                    // add 

      3'b001:   result  = sum;                    // subtract 
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      3'b010:   result  = a & b;                  // and 

      3'b011:   result  = a | b;                  // or 

      3'b101:   result  = sum[31] ^ v;            // slt 

      default:  result  = 32'bx; 

    endcase 

 

  // added for blt and other branches 

  assign z = (result == 32'b0); 

  assign n = result[31]; 

  assign c = cout & isAddSub; 

  assign v = ~(alucontrol[0] ^ a[31] ^ b[31]) & (a[31] ^ sum[31]) & isAddSub; 

endmodule 

 

Exercise 5.15  

SystemVerilog 
module testbench(); 

  logic        clk, reset; 

  logic [31:0] a, b, result, resultexpected; 

  logic [1:0]  alucontrol; 

  logic [31:0] vectornum, errors; 

  logic [97:0] testvectors[10000:0]; 

 

  // instantiate device under test 

  alu dut(a, b, alucontrol, result); 

 

  // generate clock 

  always  

    begin 

      clk = 1; #5; clk = 0; #5; 

    end 

 

  // at start of test, load vectors 

  // and pulse reset 

  initial 

    begin 

      $readmemh("example.txt", testvectors); 

      vectornum = 0; errors = 0; 

      reset = 1; #22; reset = 0; 

    end 

 

  // apply test vectors on rising edge of clk 

  always @(posedge clk) 

    begin 

      #1; {alucontrol, a, b, resultexpected} = testvectors[vectornum]; 

    end 

 

  // check results on falling edge of clk 

  always @(negedge clk) 

    if (~reset) begin // skip during reset 

      if (result !== resultexpected) begin  // check result 

        $display("Error: inputs: a = %h, b = %h, alucontrol = %h,", a, b,  

                 alucontrol); 

        $display("  outputs: result = %h (%h expected)", result, resultexpected); 

        errors = errors + 1; 

      end 

      vectornum = vectornum + 1; 
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      if (testvectors[vectornum] === 98'bx) begin  

        $display("%d tests completed with %d errors",  

            vectornum, errors); 

        $stop; 

      end 

    end 

endmodule 

Testvectors: 
// alucontrol_a_b_resultexpected 

0_00000007_00000005_0000000C  // add 

0_AABBCCDD_00000005_AABBCCE2  // add 

0_FF123456_FABCDEF1_F9CF1347  // add 

1_00000007_00000005_00000002  // sub 

1_00000005_00000007_FFFFFFFE  // sub 

1_AABBCCDD_11445588_99777755  // sub 

2_FFFF0123_ABCDEFAA_ABCD0122  // and 

2_AABBCCDD_00000008_00000008  // and 

3_FFFF0123_ABCDEFAA_FFFFEFAB  // or 

3_AABBCCDD_00000008_AABBCCDD  // or 

 

 

 

Exercise 5.16  

SystemVerilog 
module testbench(); 

  logic        clk, reset; 

  logic [31:0] a, b, result, resultexpected; 

  logic [1:0]  alucontrol; 

  logic [3:0]  flags, flagsexpected; 

  logic [31:0] vectornum, errors; 

  logic [101:0] testvectors[10000:0]; 

 

  // instantiate device under test 

  alu dut(a, b, alucontrol, result, flags); 

 

  // generate clock 

  always  

    begin 

      clk = 1; #5; clk = 0; #5; 

    end 

 

  // at start of test, load vectors 

  // and pulse reset 

  initial 

    begin 

      $readmemh("example.txt", testvectors); 

      

      vectornum = 0; errors = 0; 

      reset = 1; #22; reset = 0; 

    end 

 

  // apply test vectors on rising edge of clk 

  always @(posedge clk) 

    begin 
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      #1; {alucontrol, a, b, resultexpected, flagsexpected} = testvectors[vectornum]; 

    end 

 

  // check results on falling edge of clk 

  always @(negedge clk) 

    if (~reset) begin // skip during reset 

      if ((result !== resultexpected) | (flags !== flagsexpected)) begin  // check 

result 

        $display("Error: inputs: a = %h, b = %h, alucontrol = %h,", a, b,  

                 alucontrol); 

        $display("  outputs: result = %h (%h expected), flags = %h (%h expected)",  

                 result, resultexpected, flags, flagsexpected); 

        errors = errors + 1; 

      end 

      vectornum = vectornum + 1; 

      if (testvectors[vectornum] === 102'bx) begin  

        $display("%d tests completed with %d errors",  

            vectornum, errors); 

        $stop; 

      end 

    end 

endmodule 

 

Testvectors: 
// alucontrol_a_b_resultexpected_flags 

0_00000007_00000005_0000000C_0  // add 

0_AABBCCDD_00000005_AABBCCE2_2  // add 

0_FF123456_FABCDEF1_F9CF1347_6  // add 

0_7FFFFFFF_00000002_80000001_A  // add 

0_80000000_81234567_01234567_C  // add 

1_80000000_81234567_FEDCBA99_2  // sub 

1_7FFFFFFF_FFFFFFFE_80000001_A  // sub 

1_00000007_00000005_00000002_4  // sub 

1_00000005_00000007_FFFFFFFE_2  // sub 

1_AABBCCDD_11445588_99777755_6  // sub 

1_7FFFFFFF_FFFFFFFF_80000000_A  // sub 

2_FFFF0123_ABCDEFAA_ABCD0122_2  // and 

2_AABBCCDD_00000008_00000008_0  // and 

3_FFFF0123_ABCDEFAA_FFFFEFAB_2  // or 

3_AABBCCDD_00000008_AABBCCDD_2  // or 

 

Exercise 5.17  

SystemVerilog 
module testbench(); 

  logic        clk, reset; 

  logic [31:0] a, b, result, resultexpected; 

  logic [2:0]  alucontrol; 

  logic [31:0] vectornum, errors; 

  logic [98:0] testvectors[10000:0]; 

 

  // instantiate device under test 

  alu dut(a, b, alucontrol, result); 

 

  // generate clock 
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  always   

    begin 

      clk = 1; #5; clk = 0; #5; 

    end 

 

  // at start of test, load vectors 

  // and pulse reset 

  initial 

    begin 

      $readmemh("example.txt", testvectors); 

      vectornum = 0; errors = 0; 

      reset = 1; #22; reset = 0; 

    end 

 

  // apply test vectors on rising edge of clk 

  always @(posedge clk) 

    begin 

      #1; {alucontrol, a, b, resultexpected} = testvectors[vectornum]; 

    end 

 

  // check results on falling edge of clk 

  always @(negedge clk) 

    if (~reset) begin // skip during reset 

      if (result !== resultexpected) begin  // check result 

        $display("Error: inputs: a = %h, b = %h, alucontrol = %h,", a, b,  

                 alucontrol); 

        $display("  outputs: result = %h (%h expected)", result, resultexpected); 

        errors = errors + 1; 

      end 

      vectornum = vectornum + 1; 

      if (testvectors[vectornum] === 99'bx) begin  

        $display("%d tests completed with %d errors",  

            vectornum, errors); 

        $stop; 

      end 

    end 

endmodule 

Testvectors: 
// alucontrol_a_b_resultexpected_flags 

0_00000007_00000005_0000000C  // add 

0_AABBCCDD_00000005_AABBCCE2  // add 

0_FF123456_FABCDEF1_F9CF1347  // add 

0_7FFFFFFF_00000002_80000001  // add 

0_80000000_81234567_01234567  // add 

1_80000000_81234567_FEDCBA99  // sub 

1_7FFFFFFF_FFFFFFFE_80000001  // sub 

1_00000007_00000005_00000002  // sub 

1_00000005_00000007_FFFFFFFE  // sub 

1_AABBCCDD_11445588_99777755  // sub 

1_7FFFFFFF_FFFFFFFF_80000000  // sub 

2_FFFF0123_ABCDEFAA_ABCD0122  // and 

2_AABBCCDD_00000008_00000008  // and 

3_FFFF0123_ABCDEFAA_FFFFEFAB  // or 

3_AABBCCDD_00000008_AABBCCDD  // or 

5_00000007_00000005_00000000  // slt 

5_80000000_81234567_00000001  // slt 

5_80000000_00000001_00000000  // slt - wrong result due to overflow 
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5_7FFFFFFF_FFFFFFFE_00000001  // slt - wrong result due to overflow 

5_0000FFF1_000FFFF1_00000001  // slt 

 

Exercise 5.18  

SystemVerilog 
module testbench(); 

  logic        clk, reset; 

  logic [31:0] a, b, result, resultexpected; 

  logic [2:0]  alucontrol; 

  logic [3:0]  flags, flagsexpected; 

  logic [31:0] vectornum, errors; 

  logic [102:0] testvectors[10000:0]; 

 

  // instantiate device under test 

  alu dut(a, b, alucontrol, result, flags); 

 

  // generate clock 

  always  

    begin 

      clk = 1; #5; clk = 0; #5; 

    end 

 

  // at start of test, load vectors 

  // and pulse reset 

  initial 

    begin 

      $readmemh("example.txt", testvectors); 

      vectornum = 0; errors = 0; 

      reset = 1; #22; reset = 0; 

    end 

 

  // apply test vectors on rising edge of clk 

  always @(posedge clk) 

    begin 

      #1; {alucontrol, a, b, resultexpected, flagsexpected} = testvectors[vectornum]; 

    end 

 

  // check results on falling edge of clk 

  always @(negedge clk) 

    if (~reset) begin // skip during reset 

      if ((result !== resultexpected) | (flags !== flagsexpected)) begin   

        // check result 

        $display("Error: inputs: a = %h, b = %h, alucontrol = %h,", a, b,  

                 alucontrol); 

        $display("  outputs: result = %h (%h expected), flags = %h (%h expected)",  

                  result, resultexpected, flags, flagsexpected); 

        errors = errors + 1; 

      end 

      vectornum = vectornum + 1; 

      if (testvectors[vectornum] === 103'bx) begin  

        $display("%d tests completed with %d errors",  

            vectornum, errors); 

        $stop; 

      end 

    end 

endmodule 
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Testvectors: 
// alucontrol_a_b_resultexpected_flags 

0_00000007_00000005_0000000C_0  // add 

0_AABBCCDD_00000005_AABBCCE2_2  // add 

0_FF123456_FABCDEF1_F9CF1347_6  // add 

0_7FFFFFFF_00000002_80000001_A  // add 

0_80000000_81234567_01234567_C  // add 

1_80000000_81234567_FEDCBA99_2  // sub 

1_7FFFFFFF_FFFFFFFE_80000001_A  // sub 

1_00000007_00000005_00000002_4  // sub 

1_00000005_00000007_FFFFFFFE_2  // sub 

1_AABBCCDD_11445588_99777755_6  // sub 

1_7FFFFFFF_FFFFFFFF_80000000_A  // sub 

2_FFFF0123_ABCDEFAA_ABCD0122_2  // and 

2_AABBCCDD_00000008_00000008_0  // and 

3_FFFF0123_ABCDEFAA_FFFFEFAB_2  // or 

3_AABBCCDD_00000008_AABBCCDD_2  // or 

5_00000007_00000005_00000000_5  // slt 

5_80000000_81234567_00000001_0  // slt 

5_80000000_00000001_00000001_C  // slt - corrected result vs. Figure 5.18a 

5_7FFFFFFF_FFFFFFFE_00000000_9  // slt - corrected result vs. Figure 5.18a 

5_0000FFF1_000FFFF1_00000001_0  // slt 
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imm12,10:5 rs2 rs1 imm4:1,11 op
7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

funct3

B-Type
31:25 24:20 19:15 14:12 11:7 6:0
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imm20,10:1,11,19:12 rd op
20 bits 5 bits 7 bits

J-Type
31:12 11:7 6:0
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a00xBFF00100
0xBFF000FC
0xBFF000F8
0xBFF000F4
0xBFF000F0
0xBFF000EC
0xBFF000E8

0xBFF000E0
0xBFF000DC
0xBFF000D8
0xBFF000D4
0xBFF000D0

0xBFF000E4

a0 = 2
a1 = 4

ra = 0x8010
s4 = 0xABCD

a0 = 1
a1 = 5

a0 = 0
a1 = 6

s4 = 6

s4 = 7

ra = 0x8130

ra = 0x8130

0xBFF00100
0xBFF000FC
0xBFF000F8
0xBFF000F4
0xBFF000F0
0xBFF000EC
0xBFF000E8

0xBFF000E0
0xBFF000DC
0xBFF000D8
0xBFF000D4
0xBFF000D0

0xBFF000E4

a0 = 2
a1 = 4

ra = 0x8010
s4 = 0xABCD

a0 = 1
a1 = 5

a0 = 0
a1 = 6

s4 = 6

s4 = 7

ra = 0x8130

ra = 0x8130
s4
t1 = 10*6 = 60

s4
t1 = 68*5 = 340

s4
t1 = 350*4 = 1400
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y
x

MemoryAddress

sp = 0x7FFFFFF00x7FFFFFF0 Stack

Heap

gp = 0x000103D0

pc = 0x00008400

0x00010024

Operating
System & I/O

Exception
Handlers

0xFFFFFFFC

Dynamic Data

0x00022DC0

0x00008067
0x40B50533
0x00008067
0x00410113
0x00012083
0x010000EF
0xC581A583
0xC541A503
0x00112023
0xFFC10113

0x00010028

0x00008424
0x00008420
0x0000841C
0x00008418
0x00008414
0x00008410
0x0000840C
0x00008408
0x00008404
0x00008400

...

...

...

0x8534   
0x8538  
0x853C  
0x8540  
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