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Bubble Sort Naïve

2
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}



Bubble Sort Naïve
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 0; j = 1



Bubble Sort Naïve
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 0; j = 1
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 0; j = 2
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 0; j = 2
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 0; j = 3
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 0; j = 4
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 0; j = 4
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 1; j = 1
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 1; j = 1
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 1; j = 2
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 1; j = 3
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 1; j = 4
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 2; j = 1



Bubble Sort Naïve
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 2; j = 2
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 2; j = 3
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 2; j = 4
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 3; j = 1
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 3; j = 2
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 3; j = 3



Bubble Sort Naïve

22

321 54

void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 3; j = 4
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 4; j = 1
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 4; j = 2
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 4; j = 3



Bubble Sort Naïve

26

321 54

void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

i = 4; j = 4
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void bubble_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
      }
    }
  }
}

j

Worst-case: 𝑛 − 1 2 comparisons + 𝑛(𝑛 − 1)/2 swaps
Best-case: 𝑛 − 1 2 comparisons
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void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}

j

i = 0; j = 1; swapped = false
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j

i = 0; j = 1; swapped = true

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 0; j = 2; swapped = true

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 0; j = 2; swapped = true

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 0; j = 3; swapped = true

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 0; j = 4; swapped = true

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 0; j = 4; swapped = true

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 1; j = 1; swapped = false

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 1; j = 1; swapped = true

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 1; j = 2; swapped = true

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 1; j = 3; swapped = true

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 1; j = 4; swapped = true

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 2; j = 1; swapped = false

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 2; j = 2; swapped = false

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 2; j = 3; swapped = false

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 2; j = 4; swapped = false

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}

i = 2; j = 4; swapped = false
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j

void bubble_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}

Worst-case: 𝑛 − 1 2 comparisons + 𝑛(𝑛 − 1)/2 swaps
Best-case: (𝑛 − 1) comparisons
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void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 0; j = 1; swapped = false

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 0; j = 1; swapped = true

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 0; j = 2; swapped = true

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 0; j = 2; swapped = true

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 0; j = 3; swapped = true

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}
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j

i = 0; j = 4; swapped = true

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}



Bubble Sort with Early Termination + Sorted Region

54

32 1 54

j

i = 0; j = 4; swapped = true

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}



Bubble Sort with Early Termination + Sorted Region

55

32 1 54

j

i = 1; j = 1; swapped = false

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}

Sorted



Bubble Sort with Early Termination + Sorted Region
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321 4

j

i = 1; j = 1; swapped = true

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}

5

Sorted



Bubble Sort with Early Termination + Sorted Region

57

321 4

j

i = 1; j = 2; swapped = true

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}

5

Sorted



Bubble Sort with Early Termination + Sorted Region
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321 4

j

i = 1; j = 3; swapped = true

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}

5

Sorted



Bubble Sort with Early Termination + Sorted Region
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321 4

j

i = 2; j = 1; swapped = false

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}

5

Sorted



Bubble Sort with Early Termination + Sorted Region
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321

j

i = 2; j = 2; swapped = false

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}

4 5

Sorted



Bubble Sort with Early Termination + Sorted Region

61

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}

321

j

4 5

Sorted

i = 2; j = 2; swapped = false



Bubble Sort with Early Termination + Sorted Region

62

Worst-case: 𝑛(𝑛 − 1)/2 (comparisons + swaps)
Best-case: (𝑛 − 1) comparisons

void bubble_sort_v2(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t i = 0; i < sz - 1; i++) {
    bool swapped = false;
    for (size_t j = 1; j < sz - i; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        swapped = true;
      }
    }

    if (!swapped) break;
  }
}

321

j

4 5

Sorted



Bubble Sort with Early Termination + Better Sorted Region

63

3 2 1 5 4

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}



Bubble Sort with Early Termination + Better Sorted Region

64

3 2 1 5 4

j

end = 5; i = 0; j = 1; last_swapped = 0

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}



Bubble Sort with Early Termination + Better Sorted Region

65

32 1 5 4

j

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}

end = 5; i = 0; j = 1; last_swapped = 1



Bubble Sort with Early Termination + Better Sorted Region

66

32 1 5 4

j

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}

end = 5; i = 0; j = 2; last_swapped = 1



Bubble Sort with Early Termination + Better Sorted Region

67

32 1 5 4

j

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}

end = 5; i = 0; j = 2; last_swapped = 2



Bubble Sort with Early Termination + Better Sorted Region

68

32 1 5 4

j

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}

end = 5; i = 0; j = 3; last_swapped = 2



Bubble Sort with Early Termination + Better Sorted Region
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32 1 5 4

j

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}

end = 5; i = 0; j = 4; last_swapped = 2



Bubble Sort with Early Termination + Better Sorted Region
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32 1 54

j

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}

end = 5; i = 0; j = 4; last_swapped = 4



Bubble Sort with Early Termination + Better Sorted Region

71

32 1 54

j

Sorted

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}

end = 4; i = 0; j = 1; last_swapped = 0



Bubble Sort with Early Termination + Better Sorted Region
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321 4

j

5

Sorted

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}

end = 4; i = 1; j = 1; last_swapped = 1



Bubble Sort with Early Termination + Better Sorted Region
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321 4

j

5

Sorted

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}

end = 4; i = 1; j = 2; last_swapped = 1



Bubble Sort with Early Termination + Better Sorted Region
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321 4

j

5

Sorted

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}

end = 4; i = 1; j = 3; last_swapped = 1



Bubble Sort with Early Termination + Better Sorted Region
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321 4

j

5

Sorted

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}

end = 1; i = 2; j = 1; last_swapped = 0



Bubble Sort with Early Termination + Better Sorted Region
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321 4 5

Sorted

void bubble_sort_v3(int *arr, size_t sz) {
  if (sz <= 1) return;

  size_t end = sz;
  for (size_t i = 0; i < sz - 1; i++) {
    size_t last_swapped = 0;
    for (size_t j = 1; j < end; j++) {
      if (arr[j] < arr[j - 1]) {
        swap_int(&arr[j - 1], &arr[j]);
        last_swapped = j;
      }
    }
    if (!last_swapped) break;
    end = last_swapped;
  }
}

Worst-case: 𝑛(𝑛 − 1)/2 (comparisons + swaps)
Best-case: (𝑛 − 1) comparisons



Naïve Insertion Sort

77

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

3 2 1 5 4



Naïve Insertion Sort

78

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

3 2 1 5 4

i

s = 1; i = 1

Sorted

s



Naïve Insertion Sort

79

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

32 1 5 4

i

s = 1; i = 1

Sorted

s



Naïve Insertion Sort

80

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

32 1 5 4

i

s = 2; i = 2

Sorted

s



Naïve Insertion Sort

81

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

32 1 5 4

i

s = 2; i = 2

Sorted

s



Naïve Insertion Sort

82

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

32 1 5 4

i

s = 2; i = 1

Sorted

s



Naïve Insertion Sort

83

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

321 5 4

i

s = 2; i = 1

Sorted

s



Naïve Insertion Sort

84

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

321 5 4

i

s = 3; i = 3

Sorted

s



Naïve Insertion Sort

85

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

321 5 4

i

s = 4; i = 4

Sorted

s



Naïve Insertion Sort

86

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

321 54

i

s = 4; i = 4

Sorted

s



Naïve Insertion Sort

87

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

321 54

i

s = 4; i = 3

Sorted

s



Naïve Insertion Sort

88

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

321 54

s = 4; i = 3

Sorted



Naïve Insertion Sort

89

void insertion_sort_v0(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    for (size_t i = s; i > 0; i--) {
      if (arr[i] < arr[i - 1])
        swap_int(&arr[i], &arr[i - 1]);
      else
        break;
    }
  }
}

321 54

Sorted

Worst-case: 𝑛(𝑛 − 1)/2 (comparisons + swaps)
Best-case: (𝑛 − 1) comparisons



Insertion Sort with Moving

90

void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

3 2 1 5 4



Insertion Sort with Moving

91

void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

3 2 1 5 4

i

Sorted

s

i-1

s = 1; i = 1



Insertion Sort with Moving

92

void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

3

2

1 5 4

i

Sorted

s

i-1

elem

s = 1; i = 1; elem = 2



Insertion Sort with Moving

93

void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

3

2

1 5 4

i

Sorted

s

elem

s = 1; i = 0; elem = 2



Insertion Sort with Moving

94

void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

32 1 5 4

Sorted

s

s = 1; i = 0; elem = 2

i



Insertion Sort with Moving

95

void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

32 1 5 4

Sorted

s

s = 2; i = 2

ii-1



Insertion Sort with Moving

96

void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

32

1

5 4

Sorted

s

s = 2; i = 2; elem = 1

ii-1

elem



Insertion Sort with Moving

97

void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

32

1

5 4

Sorted

s

s = 2; i = 2; elem = 1

ii-1

elem



Insertion Sort with Moving

98

void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

32

1

5 4

Sorted

s

s = 2; i = 1; elem = 1

ii-1

elem



Insertion Sort with Moving
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void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

32

1

5 4

Sorted

s

s = 2; i = 1; elem = 1

ii-1

elem



Insertion Sort with Moving
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void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

321 5 4

Sorted

s

s = 2; i = 0; elem = 1

i



Insertion Sort with Moving
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void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

321 5 4

Sorted

s

s = 3; i = 3

ii-1



Insertion Sort with Moving
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void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

321

5

4

Sorted

s

s = 3; i = 3; elem = 5

ii-1

elem



Insertion Sort with Moving
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void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

321 5 4

Sorted

s

s = 3; i = 3; elem = 5

ii-1



Insertion Sort with Moving
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void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

321 5 4

Sorted

s

s = 4; i = 4

ii-1



Insertion Sort with Moving
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void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

321 5

4

Sorted

s

s = 4; i = 4; elem = 4

ii-1

elem



Insertion Sort with Moving
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void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

321 5

4

Sorted

s

s = 4; i = 4; elem = 4

ii-1

elem



Insertion Sort with Moving
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void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

321 5

4

Sorted

s

s = 4; i = 3; elem = 4

ii-1

elem



Insertion Sort with Moving
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void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

321 54

Sorted

s

s = 4; i = 3; elem = 4

ii-1



Insertion Sort with Moving
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void insertion_sort_v1(int *arr, size_t sz) {
  if (sz <= 1) return;

  for (size_t s = 1; s < sz; s++) {
    size_t i = s;
    int elem = arr[s];
    while (i > 0 && elem < arr[i - 1]) {
      arr[i] = arr[i - 1];
      i -= 1;
    }
    arr[i] = elem;
  }
}

321 54

Sorted

Worst-case: 𝑛(𝑛 − 1)/2 (comparisons + moves)
Best-case: (𝑛 − 1) comparisons



Swapping vs. Moving
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int tmp = arr[i];    // READ #1
arr[i] = arr[i - 1]; // READ #2, WRITE #1
arr[i-1] = tmp;      // WRITE #2

arr[i] = arr[i - 1]; // READ #1, WRITE #1

Swapping Moving

𝑛(𝑛 − 1)/2 (comparisons + swaps)

2 reads 2 reads +2 writes

𝑛(𝑛 − 1)/2 (comparisons + moves)

2 reads 1 read + 1 write

2𝑛(𝑛 − 1) reads + 𝑛(𝑛 − 1) writes
= (2 reads + write) 𝑛2-(2 reads + write) 𝑛

1.5𝑛(𝑛 − 1) reads + 0.5𝑛(𝑛 − 1) writes
= (1.5 reads + 0.5 writes) 𝑛2 – (1.5 reads + 0.5 writes) 𝑛



Quick Sort

111

3 2 1 6 45 7
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3 2 1 6 4
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7
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5Pivot

3 2 1 64 7
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5Pivot

2 1 64 7

3Pivot
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5Pivot

6 7

3Pivot

2 1 4
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5Pivot

6 7

3Pivot

1 4

2Pivot
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5Pivot

6 7

3Pivot

4

2Pivot

1
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5Pivot

6 73 421
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5Pivot

7

6Pivot

3 421
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5Pivot

6Pivot

7

3 421
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5Pivot

6 73 421



Quick Sort

122

5 6 73 421



Quick Sort
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5Pivot

3 2 1 64 7

3Pivot

2 1 4

6Pivot

7

2Pivot

1

3 2 1 6 45 7
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