
Hash Tables



Contains Duplicate
Let’s go back to the contains duplicate problem.

The input is a vector of integers and we want to know if any integer appears 
more than once.

We can solve this problem with any data structure that lets us do the 
operations of:

                   —add     to the data structure.
<latexit sha1_base64="FYl5+Pk0eIRky+8PC/c8NaNVkE0=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBItQN2WmaG13BTcuK9gHtEPJpGkbmskMyR2xDAV/xY0LRdz6He78GzPTCip64MLJOfeSe48fCa7BcT6speWV1bX13EZ+c2t7Z9fe22/pMFaUNWkoQtXxiWaCS9YEDoJ1IsVI4AvW9ieXqd++ZUrzUN7ANGJeQEaSDzklYKS+fZj0ADCXmimYFbPH3ey0bxeckmNQqeCUuFXHNaRWq5bLNexmluMU0AKNvv3eG4Q0DpgEKojWXdeJwEuIAk4Fm+V7sWYRoRMyYl1DJQmY9pJs/Rk+McoAD0NlSgLO1O8TCQm0nga+6QwIjPVvLxX/8roxDKtewmUUA5N0/tEwFhhCnGaBB1wxCmJqCKGKm10xHRNFKJjE8iaEr0vx/6RVLrmV0vn1WaHeWMSRQ0foGBWRiy5QHV2hBmoiihL0gJ7Qs3VvPVov1uu8dclazBygH7DePgGAmpXo</latexit>

insert(x) <latexit sha1_base64="cCKO7HBCd4dpTjKfS0jkJ7osyx8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseCF48V7Ae0oWy2m3bpZhN2J2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbF6wEnC/YgOlQgFo2ildtZDJE/TfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/Nzp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMy+50MhOYM5cQSyrSwtxI2opoytAmVbAje8surpHVR9a6qtfvLSr2Rx1GEEziFc/DgGupwBw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP2dyj6w=</latexit>x

                      —check if     is present in the data structure.
<latexit sha1_base64="3i7CoHTm16fuKcCKhCvZO7XNq28=">AAACAHicdVDLSgMxFM34rPU16sKFm2AR6qbMFK3truDGZQX7gHYomTRtQzOZIbkjlmE2/oobF4q49TPc+Tdm2goqeiBwcs693HuPHwmuwXE+rKXlldW19dxGfnNre2fX3ttv6TBWlDVpKELV8YlmgkvWBA6CdSLFSOAL1vYnl5nfvmVK81DewDRiXkBGkg85JWCkvn2Y9AAwDSUQLnVanH3v0tO+XXBKjkGlgjPiVh3XkFqtWi7XsDuzHKeAFmj07ffeIKRxwCRQQbTuuk4EXkIUcCpYmu/FmkWETsiIdQ2VJGDaS2YHpPjEKAM8DJV5MlvHqN87EhJoPQ18UxkQGOvfXib+5XVjGFa9hMsoBibpfNAwFhhCnKWBB1wxCmJqCKGKm10xHRNFKJjM8iaEr0vx/6RVLrmV0vn1WaHeWMSRQ0foGBWRiy5QHV2hBmoiilL0gJ7Qs3VvPVov1uu8dMla9BygH7DePgEOKJbG</latexit>

contains(x) <latexit sha1_base64="cCKO7HBCd4dpTjKfS0jkJ7osyx8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseCF48V7Ae0oWy2m3bpZhN2J2IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbF6wEnC/YgOlQgFo2ildtZDJE/TfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/Nzp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY3viZUEmKXLHFojCVBGMy+50MhOYM5cQSyrSwtxI2opoytAmVbAje8surpHVR9a6qtfvLSr2Rx1GEEziFc/DgGupwBw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP2dyj6w=</latexit>x

This is the bread and butter of a hash table.



Dictionary ADT

Create an empty dictionary.

Add     to the dictionary.<latexit sha1_base64="ywDyQutbDiyfg2hU/VFl9xu/PFA=">AAACCXicbZDLSgMxFIYz9VbH26hLN8FSqJsyI96WBTfdCBXsBdpSMmnahmYyQ3JGLEO3bnwVNy4UcesbuPNtTKez0NYfAl/+cw7J+f1IcA2u+23lVlbX1jfym/bW9s7unrN/0NBhrCir01CEquUTzQSXrA4cBGtFipHAF6zpj69n9eY9U5qH8g4mEesGZCj5gFMCxuo5uFgtJx0AzKVmCqal9PIwPbEz6DkFt+ymwsvgZVBAmWo956vTD2kcMAlUEK3bnhtBNyEKOBVsandizSJCx2TI2gYlCZjuJukmU1w0Th8PQmWOBJy6vycSEmg9CXzTGRAY6cXazPyv1o5hcNVNuIxiYJLOHxrEAkOIZ7HgPleMgpgYIFRx81dMR0QRCiY824TgLa68DI3TsndRPr89K1Rusjjy6AgdoxLy0CWqoCqqoTqi6BE9o1f0Zj1ZL9a79TFvzVnZzCH6I+vzB2ErmY8=</latexit>x

Return if      is in the dictionary or not.<latexit sha1_base64="sCrVtjob6v49gVVtrwtHQuC+oQE=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAixchgnlAsoTZyWwyZHZ2mekVw5KP8OJBEa9+jzf/xkmyB00saCiquunuChIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqtx65NiJWDzhOuB/RgRKhYBSt1Mq6iORp0itX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx27oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahkg3BW3x5mTTPqt5l9eL+vFK7y+MowhEcwyl4cAU1uIU6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx9mi4+p</latexit>x

Remove      from the dictionary.<latexit sha1_base64="sCrVtjob6v49gVVtrwtHQuC+oQE=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAixchgnlAsoTZyWwyZHZ2mekVw5KP8OJBEa9+jzf/xkmyB00saCiquunuChIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqtx65NiJWDzhOuB/RgRKhYBSt1Mq6iORp0itX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx27oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahkg3BW3x5mTTPqt5l9eL+vFK7y+MowhEcwyl4cAU1uIU6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx9mi4+p</latexit>x
<latexit sha1_base64="58iXaJkdVIom8x+gNoiwSifQyuo=">AAAB/3icbZDLSgMxFIYz9VbrbVRw4yZYhLopM+JtWXHjRqhgL9AOJZNm2tDMheSMWMZZ+CpuXCji1tdw59uYTmehrQcCH/9/TnLyu5HgCizr2ygsLC4trxRXS2vrG5tb5vZOU4WxpKxBQxHKtksUEzxgDeAgWDuSjPiuYC13dDXxW/dMKh4GdzCOmOOTQcA9TgloqWfuXVaTLgBmUl+SVjJ+SI96ZtmqWlnhebBzKKO86j3zq9sPaeyzAKggSnVsKwInIRI4FSwtdWPFIkJHZMA6GgPiM+Uk2f4pPtRKH3uh1CcAnKm/JxLiKzX2Xd3pExiqWW8i/ud1YvAunIQHUQwsoNOHvFhgCPEkDNznklEQYw2ESq53xXRIJKGgIyvpEOzZL89D87hqn1VPb0/KtZs8jiLaRweogmx0jmroGtVRA1H0iJ7RK3oznowX4934mLYWjHxmF/0p4/MHK+KVnA==</latexit>

A.erase(x)

<latexit sha1_base64="AfdquZjMdQvbZ6XDdtakzzEDPC0=">AAACAHicbVDLSsNAFJ34rPVVdeHCzWAR6iYk4mtZceNGqGAf0IYymU7aoZNJmLkRS8jGX3HjQhG3foY7/8Zp2oW2Hrhw5px7mXuPHwuuwXG+rYXFpeWV1cJacX1jc2u7tLPb0FGiKKvTSESq5RPNBJesDhwEa8WKkdAXrOkPr8d+84EpzSN5D6OYeSHpSx5wSsBI3dL+lZ12ADCXminIKvnjMTvulsqO7eTA88SdkjKaotYtfXV6EU1CJoEKonXbdWLwUqKAU8GyYifRLCZ0SPqsbagkIdNemh+Q4SOj9HAQKVMScK7+nkhJqPUo9E1nSGCgZ72x+J/XTiC49FIu4wSYpJOPgkRgiPA4DdzjilEQI0MIVdzsiumAKELBZFY0IbizJ8+Txontnttnd6fl6u00jgI6QIeoglx0garoBtVQHVGUoWf0it6sJ+vFerc+Jq0L1nRmD/2B9fkDJG2WKw==</latexit>

A.insert(x)
<latexit sha1_base64="Eh6HRmj23/YYq+KNgCj9w035SzM=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyxC3ZREfC0rbtwIFewD2lAm00k7dDIJMzdiCcGNv+LGhSJu/Qp3/o2TNgttPTBw5px7ufceL+JMgW1/G4WFxaXlleJqaW19Y3PL3N5pqjCWhDZIyEPZ9rCinAnaAAactiNJceBx2vJGV5nfuqdSsVDcwTiiboAHgvmMYNBSz9y7rCZdAIuEAjATKq1Mvg/pUc8s21V7AmueODkpoxz1nvnV7YckDqgAwrFSHceOwE2wBEY4TUvdWNEIkxEe0I6mAgdUucnkhNQ61Erf8kOpn8jW0ervjgQHSo0DT1cGGIZq1svE/7xODP6FmzARxUAFmQ7yY25BaGV5WH0mKQE+1gQTyfSuFhliiQno1Eo6BGf25HnSPK46Z9XT25Ny7SaPo4j20QGqIAedoxq6RnXUQAQ9omf0it6MJ+PFeDc+pqUFI+/ZRX9gfP4AstKXCQ==</latexit>

A.contains(x)

<latexit sha1_base64="V+Wx9G47FcACU3v9NeKIKkxegOA=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxC3ZREfC0runAjVLAPaEKZTKft0MkkzNwINRR/xY0LRdz6H+78G6dtFtp64MLhnHu5954gFlyD43xbuYXFpeWV/GphbX1jc8ve3qnrKFGU1WgkItUMiGaCS1YDDoI1Y8VIGAjWCAZXY7/xwJTmkbyHYcz8kPQk73JKwEhte+8Sez0GGqceAL7mFEalo7ZddMrOBHieuBkpogzVtv3ldSKahEwCFUTrluvE4KdEAaeCjQpeollM6ID0WMtQSUKm/XRy/QgfGqWDu5EyJQFP1N8TKQm1HoaB6QwJ9PWsNxb/81oJdC/8lMs4ASbpdFE3ERgiPI4Cd7hiFMTQEEIVN7di2ieKUDCBFUwI7uzL86R+XHbPyqd3J8XKbRZHHu2jA1RCLjpHFXSDqqiGKHpEz+gVvVlP1ov1bn1MW3NWNrOL/sD6/AHrHpRJ</latexit>

A Dict()

A hash table implements the dictionary abstract data type:



First Idea
Let’s say that the input vector            has size        and we are promised 
that the entries of the vector satisfy                                .

We could initialize a boolean vector                  of size         to all false.

<latexit sha1_base64="oa1Xcg9UT1B105RENZElEUPU0n4=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2x6rHgxWMF+wHtWrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/VbT0wbruS9HScsiMlA8ohTYp3UzHxv8lDtlcpexZsBLxM/J2XIUe+Vvrp9RdOYSUsFMabje4kNMqItp4JNit3UsITQERmwjqOSxMwE2ezaCT51Sh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQcZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo6ELwF19eJs3zin9Zqd5dlGv1PI4CHMMJnIEPV1CDW6hDAyg8wjO8whtS6AW9o4956wrKZ47gD9DnD99Hjro=</latexit>

105
<latexit sha1_base64="43DFMqDnDUkYRdJpmJtUC5BMBPw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cIJgaTJcxOJsmQmdllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrSqSw6PvfXmFldW19o7hZ2tre2d0r7x80bZwaxhsslrFpRdRyKTRvoEDJW4nhVEWSP0Sjm6n/8MSNFbG+x3HCQ0UHWvQFo+ikx6yDSHSq7KRbrvhVfwayTIKcVCBHvVv+6vRiliqukUlqbTvwEwwzalAwySelTmp5QtmIDnjbUU0Vt2E2u3hCTpzSI/3YuNJIZurviYwqa8cqcp2K4tAuelPxP6+dYv86zIROUuSazRf1U0kwJtP3SU8YzlCOHaHMCHcrYUNqKEMXUsmFECy+vEyaZ9Xgsnpxd16p1fM4inAEx3AKAVxBDW6hDg1goOEZXuHNs96L9+59zFsLXj5zCH/gff4A1ZuRFQ==</latexit>nums

<latexit sha1_base64="eKQYV2SK2SnKoUpkEZFPK7on/hQ=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUnEJ7gouHFZwT4giWUynbRDJ5MwcyOUUHDjr7hxoYhbf8Kdf+P0sdDWAxcO59zLvfeEqeAaHOfbKiwsLi2vFFdLa+sbm1v29k5DJ5mirE4TkahWSDQTXLI6cBCslSpG4lCwZti/HvnNB6Y0T+QdDFIWxKQrecQpASO17T0H+4Lh3AfAMov10OMBvsKuc3/ZtstOxRkDzxN3Sspoilrb/vI7Cc1iJoEKorXnOikEOVHAqWDDkp9plhLaJ13mGSpJzHSQj38Y4kOjdHCUKFMS8Fj9PZGTWOtBHJrOmEBPz3oj8T/PyyC6CHIu0wyYpJNFUSYwJHgUCO5wxSiIgSGEKm5uxbRHFKFgYiuZENzZl+dJ47jinlVOb0/K1do0jiLaRwfoCLnoHFXRDaqhOqLoET2jV/RmPVkv1rv1MWktWNOZXfQH1ucPVVGWGA==</latexit>

0  nums[i] < 109

<latexit sha1_base64="rzBX+mLHaSsGxZKb14cOJGpZQ/k=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgqiTic1dw47KCfUAby2Q6aYfOTMLMRCihv+DGhSJu/SF3/o2TNAttPXDhcM693HtPEHOmjet+O6WV1bX1jfJmZWt7Z3evun/Q1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3GZ+54kqzSL5YKYx9QUeSRYygk0mee7jzaBac+tuDrRMvILUoEBzUP3qDyOSCCoN4VjrnufGxk+xMoxwOqv0E01jTCZ4RHuWSiyo9tP81hk6scoQhZGyJQ3K1d8TKRZaT0VgOwU2Y73oZeJ/Xi8x4bWfMhknhkoyXxQmHJkIZY+jIVOUGD61BBPF7K2IjLHCxNh4KjYEb/HlZdI+q3uX9Yv781qjWcRRhiM4hlPw4AoacAdNaAGBMTzDK7w5wnlx3p2PeWvJKWYO4Q+czx8f0I2y</latexit>

109
<latexit sha1_base64="QB13rAWi45yEpN2F3hTYE9greWI=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBjcsK9gHtUDJppg3NZMbkTqEM/Q43LhRx68e4829M21lo64HA4Zx7uDcnSKQw6LrfTmFtfWNzq7hd2tnd2z8oHx41TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWju5nfGnNtRKwecZJwP6IDJULBKFrJz7qIxAYMVzjtlStu1Z2DrBIvJxXIUe+Vv7r9mKWRDTNJjel4boJ+RjUKJvm01E0NTygb0QHvWKpoxI2fzY+ekjOr9EkYa/sUkrn6O5HRyJhJFNjJiOLQLHsz8T+vk2J462dCJSlyxRaLwlQSjMmsAdIXmjOUE0so08LeStiQasrQ9lSyJXjLX14lzYuqd129eris1Op5HUU4gVM4Bw9uoAb3UIcGMHiCZ3iFN2fsvDjvzsditODkmWP4A+fzBzPhknE=</latexit>

present

We make one pass through            like this:<latexit sha1_base64="43DFMqDnDUkYRdJpmJtUC5BMBPw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cIJgaTJcxOJsmQmdllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrSqSw6PvfXmFldW19o7hZ2tre2d0r7x80bZwaxhsslrFpRdRyKTRvoEDJW4nhVEWSP0Sjm6n/8MSNFbG+x3HCQ0UHWvQFo+ikx6yDSHSq7KRbrvhVfwayTIKcVCBHvVv+6vRiliqukUlqbTvwEwwzalAwySelTmp5QtmIDnjbUU0Vt2E2u3hCTpzSI/3YuNJIZurviYwqa8cqcp2K4tAuelPxP6+dYv86zIROUuSazRf1U0kwJtP3SU8YzlCOHaHMCHcrYUNqKEMXUsmFECy+vEyaZ9Xgsnpxd16p1fM4inAEx3AKAVxBDW6hDg1goOEZXuHNs96L9+59zFsLXj5zCH/gff4A1ZuRFQ==</latexit>nums

This code exceeds the time limit on Leet Code!



Problem

The problem is that we are initializing a huge vector                  of size      .
<latexit sha1_base64="rzBX+mLHaSsGxZKb14cOJGpZQ/k=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgqiTic1dw47KCfUAby2Q6aYfOTMLMRCihv+DGhSJu/SF3/o2TNAttPXDhcM693HtPEHOmjet+O6WV1bX1jfJmZWt7Z3evun/Q1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3GZ+54kqzSL5YKYx9QUeSRYygk0mee7jzaBac+tuDrRMvILUoEBzUP3qDyOSCCoN4VjrnufGxk+xMoxwOqv0E01jTCZ4RHuWSiyo9tP81hk6scoQhZGyJQ3K1d8TKRZaT0VgOwU2Y73oZeJ/Xi8x4bWfMhknhkoyXxQmHJkIZY+jIVOUGD61BBPF7K2IjLHCxNh4KjYEb/HlZdI+q3uX9Yv781qjWcRRhiM4hlPw4AoacAdNaAGBMTzDK7w5wnlx3p2PeWvJKWYO4Q+czx8f0I2y</latexit>

109
<latexit sha1_base64="QB13rAWi45yEpN2F3hTYE9greWI=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBjcsK9gHtUDJppg3NZMbkTqEM/Q43LhRx68e4829M21lo64HA4Zx7uDcnSKQw6LrfTmFtfWNzq7hd2tnd2z8oHx41TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWju5nfGnNtRKwecZJwP6IDJULBKFrJz7qIxAYMVzjtlStu1Z2DrBIvJxXIUe+Vv7r9mKWRDTNJjel4boJ+RjUKJvm01E0NTygb0QHvWKpoxI2fzY+ekjOr9EkYa/sUkrn6O5HRyJhJFNjJiOLQLHsz8T+vk2J462dCJSlyxRaLwlQSjMmsAdIXmjOUE0so08LeStiQasrQ9lSyJXjLX14lzYuqd129eris1Op5HUU4gVM4Bw9uoAb3UIcGMHiCZ3iFN2fsvDjvzsditODkmWP4A+fzBzPhknE=</latexit>

present

<latexit sha1_base64="oa1Xcg9UT1B105RENZElEUPU0n4=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2x6rHgxWMF+wHtWrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/VbT0wbruS9HScsiMlA8ohTYp3UzHxv8lDtlcpexZsBLxM/J2XIUe+Vvrp9RdOYSUsFMabje4kNMqItp4JNit3UsITQERmwjqOSxMwE2ezaCT51Sh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQcZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo6ELwF19eJs3zin9Zqd5dlGv1PI4CHMMJnIEPV1CDW6hDAyg8wjO8whtS6AW9o4956wrKZ47gD9DnD99Hjro=</latexit>

105<latexit sha1_base64="43DFMqDnDUkYRdJpmJtUC5BMBPw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cIJgaTJcxOJsmQmdllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrSqSw6PvfXmFldW19o7hZ2tre2d0r7x80bZwaxhsslrFpRdRyKTRvoEDJW4nhVEWSP0Sjm6n/8MSNFbG+x3HCQ0UHWvQFo+ikx6yDSHSq7KRbrvhVfwayTIKcVCBHvVv+6vRiliqukUlqbTvwEwwzalAwySelTmp5QtmIDnjbUU0Vt2E2u3hCTpzSI/3YuNJIZurviYwqa8cqcp2K4tAuelPxP6+dYv86zIROUuSazRf1U0kwJtP3SU8YzlCOHaHMCHcrYUNqKEMXUsmFECy+vEyaZ9Xgsnpxd16p1fM4inAEx3AKAVxBDW6hDg1goOEZXuHNs96L9+59zFsLXj5zCH/gff4A1ZuRFQ==</latexit>numsAs the input            has size at most        , most entries in                  will 
never be touched.

<latexit sha1_base64="QB13rAWi45yEpN2F3hTYE9greWI=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBjcsK9gHtUDJppg3NZMbkTqEM/Q43LhRx68e4829M21lo64HA4Zx7uDcnSKQw6LrfTmFtfWNzq7hd2tnd2z8oHx41TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWju5nfGnNtRKwecZJwP6IDJULBKFrJz7qIxAYMVzjtlStu1Z2DrBIvJxXIUe+Vv7r9mKWRDTNJjel4boJ+RjUKJvm01E0NTygb0QHvWKpoxI2fzY+ekjOr9EkYa/sUkrn6O5HRyJhJFNjJiOLQLHsz8T+vk2J462dCJSlyxRaLwlQSjMmsAdIXmjOUE0so08LeStiQasrQ9lSyJXjLX14lzYuqd129eris1Op5HUU4gVM4Bw9uoAb3UIcGMHiCZ3iFN2fsvDjvzsditODkmWP4A+fzBzPhknE=</latexit>

present

Can we make use of this fact?

Let’s try to get by with using a smaller vector to store the entries we have 
seen.



Second Idea

Let’s say we can only afford to initialize a vector of size        .

<latexit sha1_base64="oa1Xcg9UT1B105RENZElEUPU0n4=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2x6rHgxWMF+wHtWrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/VbT0wbruS9HScsiMlA8ohTYp3UzHxv8lDtlcpexZsBLxM/J2XIUe+Vvrp9RdOYSUsFMabje4kNMqItp4JNit3UsITQERmwjqOSxMwE2ezaCT51Sh9HSruSFs/U3xMZiY0Zx6HrjIkdmkVvKv7ndVIbXQcZl0lqmaTzRVEqsFV4+jruc82oFWNHCNXc3YrpkGhCrQuo6ELwF19eJs3zin9Zqd5dlGv1PI4CHMMJnIEPV1CDW6hDAyg8wjO8whtS6AW9o4956wrKZ47gD9DnD99Hjro=</latexit>

105<latexit sha1_base64="43DFMqDnDUkYRdJpmJtUC5BMBPw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cIJgaTJcxOJsmQmdllplcIS/7CiwdFvPo33vwbJ8keNLGgoajqprsrSqSw6PvfXmFldW19o7hZ2tre2d0r7x80bZwaxhsslrFpRdRyKTRvoEDJW4nhVEWSP0Sjm6n/8MSNFbG+x3HCQ0UHWvQFo+ikx6yDSHSq7KRbrvhVfwayTIKcVCBHvVv+6vRiliqukUlqbTvwEwwzalAwySelTmp5QtmIDnjbUU0Vt2E2u3hCTpzSI/3YuNJIZurviYwqa8cqcp2K4tAuelPxP6+dYv86zIROUuSazRf1U0kwJtP3SU8YzlCOHaHMCHcrYUNqKEMXUsmFECy+vEyaZ9Xgsnpxd16p1fM4inAEx3AKAVxBDW6hDg1goOEZXuHNs96L9+59zFsLXj5zCH/gff4A1ZuRFQ==</latexit>numsAs the input            has size at most        , this is still       times the number 
of values we need to store.

<latexit sha1_base64="p6ekLDvzo+VKL6DpARQKb0XhcNI=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEq8eCF48R7Ae0sWy2m3bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoreNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044uc39zhNVmsXywUwTGgg8kixiBJtc8tzHxqBac+vuHGiVeAWpQQF/UP3qD2OSCioN4VjrnucmJsiwMoxwOqv0U00TTCZ4RHuWSiyoDrL5rTN0ZpUhimJlSxo0V39PZFhoPRWh7RTYjPWyl4v/eb3URDdBxmSSGirJYlGUcmRilD+OhkxRYvjUEkwUs7ciMsYKE2PjqdgQvOWXV0n7ou416lf3l7WmX8RRhhM4hXPw4BqacAc+tIDAGJ7hFd4c4bw4787HorXkFDPH8AfO5w8bRI2v</latexit>

106

<latexit sha1_base64="dQ3gXqrGQUHDPImTm70Kol/zUt4=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz04Ln9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aVTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ22TAFTIjJpZQpri9lbARVZQZG07JhuAtv7xKWhdV76pau7+s1Bt5HEU4gVM4Bw+uoQ530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A+/ojQc=</latexit>

10

Now we need a way to map a value                                     to an 
index     with                      .   

<latexit sha1_base64="M5tb+5/2KIUSdudwS2Qe2C6mkSA=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiTiExQKblxWsA9IYplMJ+3QySTM3AgldOHGX3HjQhG3foQ7/8bpY6HVAxcO59zLvfeEqeAaHOfLKiwsLi2vFFdLa+sbm1v29k5TJ5mirEETkah2SDQTXLIGcBCsnSpG4lCwVji4Gvute6Y0T+QtDFMWxKQnecQpASN17LKDfcFw7gNgmcV65PEAX1xi17k779gVp+pMgP8Sd0YqaIZ6x/70uwnNYiaBCqK15zopBDlRwKlgo5KfaZYSOiA95hkqScx0kE+eGOF9o3RxlChTEvBE/TmRk1jrYRyazphAX897Y/E/z8sgOgtyLtMMmKTTRVEmMCR4nAjucsUoiKEhhCpubsW0TxShYHIrmRDc+Zf/kuZh1T2pHt8cVWr1WRxFVEZ76AC56BTV0DWqowai6AE9oRf0aj1az9ab9T5tLVizmV30C9bHN99kll8=</latexit>

0  nums[i] <= 109
<latexit sha1_base64="xkwTes+89slzX7G+shLl+LfjfEI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU4P1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjrZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1XvunrVuKzU6nkcRTiBUzgHD26gBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB1vONBQ==</latexit>

i
<latexit sha1_base64="bBQL/yRp1CFss3o5WvqUjjABoHQ=">AAAB9XicbVA9SwNBEJ3zM8avqKXNYhCswp1otLAI2FhGMB+QXMLeZpIs2ds7dveUcOR/2FgoYut/sfPfuEmu0MQHA4/3ZpiZF8SCa+O6387K6tr6xmZuK7+9s7u3Xzg4rOsoUQxrLBKRagZUo+ASa4Ybgc1YIQ0DgY1gdDv1G4+oNI/kgxnH6Id0IHmfM2qs1HFJWyDh5IZ4bqfcLRTdkjsDWSZeRoqQodotfLV7EUtClIYJqnXLc2Pjp1QZzgRO8u1EY0zZiA6wZamkIWo/nV09IadW6ZF+pGxJQ2bq74mUhlqPw8B2htQM9aI3Ff/zWonpX/spl3FiULL5on4iiInINALS4wqZEWNLKFPc3krYkCrKjA0qb0PwFl9eJvXzklcuXd5fFCvVLI4cHMMJnIEHV1CBO6hCDRgoeIZXeHOenBfn3fmYt6442cwR/IHz+QNwCZCV</latexit>

0  i < 106

We can do this with the modulus function.   
<latexit sha1_base64="94bg22rqguEoO2WgqucjhopHZDw=">AAACEHicbVDLSgMxFM3UV62vUZdugqXoqsyIr41QEEF3Fe0DO6Vk0rQNzWSG5I5Yhn6CG3/FjQtF3Lp059+YTrvQ1gMJ555zL8k9fiS4Bsf5tjJz8wuLS9nl3Mrq2vqGvblV1WGsKKvQUISq7hPNBJesAhwEq0eKkcAXrOb3z0d+7Z4pzUN5C4OINQPSlbzDKQEjtey9xAPAXLbZwxCf4bQyzMNewVxpeXN1dzFs2Xmn6KTAs8SdkDyaoNyyv7x2SOOASaCCaN1wnQiaCVHAqWDDnBdrFhHaJ13WMFSSgOlmki40xAWjtHEnVOZIwKn6eyIhgdaDwDedAYGenvZG4n9eI4bOaTPhMoqBSTp+qBMLDCEepYPbXDEKYmAIoYqbv2LaI4pQMBnmTAju9MqzpHpQdI+LR9eH+VJ5EkcW7aBdtI9cdIJK6BKVUQVR9Iie0St6s56sF+vd+hi3ZqzJzDb6A+vzBwoEm14=</latexit>

index = x % SIZE



Implementation
Godbolt link

This code now passes all the Leet Code tests*!

*Code on slide is simplified assuming             , see Godbolt link for code passing 
Leet Code tests.

<latexit sha1_base64="O3u+GTwbKPyxYJbnXQoqC+M6c+s=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx48SJEMAtkhtDT6Uma9Cx21wTDkO/w4kERr36MN//GTjIHTXxQ8Hiviqp6fiKFRtv+tgorq2vrG8XN0tb2zu5eef+gqeNUMd5gsYxV26eaSxHxBgqUvJ0oTkNf8pY/vJn6rRFXWsTRA44T7oW0H4lAMIpG8jIXkTxNiNvnxO6WK3bVnoEsEycnFchR75a/3F7M0pBHyCTVuuPYCXoZVSiY5JOSm2qeUDakfd4xNKIh1142O3pCTozSI0GsTEVIZurviYyGWo9D33SGFAd60ZuK/3mdFINrLxNRkiKP2HxRkEqCMZkmQHpCcYZybAhlSphbCRtQRRmanEomBGfx5WXSPKs6l9WL+/NK7S6PowhHcAyn4MAV1OAW6tAABo/wDK/wZo2sF+vd+pi3Fqx85hD+wPr8AcP9kX0=</latexit>

x � 0

https://godbolt.org/z/4sPEscjfP


Issue
Godbolt link

With this code we are getting very lucky!

If there are two integers              in the input with                                             we 
would say there is a duplicate when there might not be.

<latexit sha1_base64="2cO1U0s6RRw8OpdfmMTWbC77yQg=">AAAB+3icbZDLSsNAFIYn9VbrLdalm8EiuCqJeFsW3LgRKtgLNKFMptN26GQSZk6kJeRV3LhQxK0v4s63cZpmoa0/DHz85xzOmT+IBdfgON9WaW19Y3OrvF3Z2d3bP7APq20dJYqyFo1EpLoB0UxwyVrAQbBurBgJA8E6weR2Xu88MaV5JB9hFjM/JCPJh5wSMFbfrqYeAJ5mnmQ4x1nWt2tO3cmFV8EtoIYKNfv2lzeIaBIyCVQQrXuuE4OfEgWcCpZVvESzmNAJGbGeQUlCpv00vz3Dp8YZ4GGkzJOAc/f3REpCrWdhYDpDAmO9XJub/9V6CQxv/JTLOAEm6WLRMBEYIjwPAg+4YhTEzAChiptbMR0TRSiYuComBHf5y6vQPq+7V/XLh4ta476Io4yO0Qk6Qy66Rg10h5qohSiaomf0it6szHqx3q2PRWvJKmaO0B9Znz/vkJRs</latexit>

x 6= y
<latexit sha1_base64="bSTjYMVl5OQHRUBdxZKiAC5kHLs=">AAACHnicbVDLSgMxFM3UVx1fVZdugqXgqsyIVTdCQQRdCBXtAztDyaRpG5p5kNwRy9AvceOvuHGhiOBK/8Z02oW2PRA495x7ubnHiwRXYFk/RmZhcWl5Jbtqrq1vbG7ltndqKowlZVUailA2PKKY4AGrAgfBGpFkxPcEq3v985Fff2BS8TC4g0HEXJ90A97hlICWWrlS4gDgx6GDsVPADk7L26v7iyE+M9NiMMdr5fJW0UqBZ4k9IXk0QaWV+3LaIY19FgAVRKmmbUXgJkQCp4INTSdWLCK0T7qsqWlAfKbcJD1viAtaaeNOKPULAKfq34mE+EoNfE93+gR6atobifO8ZgydUzfhQRQDC+h4UScWGEI8ygq3uWQUxEATQiXXf8W0RyShoBM1dQj29MmzpHZYtI+LpZujfPl6EkcW7aF9dIBsdILK6BJVUBVR9IRe0Bt6N56NV+PD+By3ZozJzC76B+P7Fz8Tn4I=</latexit>

x % SIZE = y % SIZE

https://godbolt.org/z/4sPEscjfP


Collisions
We have            buckets labeled by integers                                       .

<latexit sha1_base64="fOerJy8apo5M3ua6LcK5kBCqqgQ=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgyIoAcholnIQujpdJImPT1Dd40QhvyFFw+KePVvvPk3dpI5aOKDgsd7VVTV8yMpDLrut5NZWl5ZXcuu5zY2t7Z38rt7VRPGmvEKC2Wo6z41XArFKyhQ8nqkOQ18yWv+8Gri1564NiJUjziKeDugfSV6glG0UiNpIZKH28b1uJMvuEV3CrJIvJQUIEW5k/9qdUMWB1whk9SYpudG2E6oRsEkH+daseERZUPa501LFQ24aSfTi8fkyCpd0gu1LYVkqv6eSGhgzCjwbWdAcWDmvYn4n9eMsXfZToSKYuSKzRb1YkkwJJP3SVdozlCOLKFMC3srYQOqKUMbUs6G4M2/vEiqJ0XvvHh2f1oo3aVxZOEADuEYPLiAEtxAGSrAQMEzvMKbY5wX5935mLVmnHRmH/7A+fwBBVCQig==</latexit>

SIZE
<latexit sha1_base64="uY0l1m6TtNzh+15aVZWGO3m3ip4=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwEMNMcDsGRNCDENEsmBlCT6eTNOmZHrprhDDk5MVf8eJBEa9+gzf/xs5y0MQHBY/3qqiq50eCa7Dtbys1N7+wuJRezqysrq1vZDe3qlrGirIKlUKquk80EzxkFeAgWD1SjAS+YDW/dz70aw9MaS7DO+hHzAtIJ+RtTgkYqZndtfPYyeNiHruiJUHnceIC4Nur+4vBodPM5uyCPQKeJc6E5NAE5Wb2y21JGgcsBCqI1g3HjsBLiAJOBRtk3FiziNAe6bCGoSEJmPaS0RsDvG+UFm5LZSoEPFJ/TyQk0Lof+KYzINDV095Q/M9rxNA+8xIeRjGwkI4XtWOBQeJhJrjFFaMg+oYQqri5FdMuUYSCSS5jQnCmX54l1WLBOSkc3xzlSteTONJoB+2hA+SgU1RCl6iMKoiiR/SMXtGb9WS9WO/Wx7g1ZU1mttEfWJ8/nXOWHA==</latexit>

0, 1, 2, . . . , SIZE� 1

<latexit sha1_base64="HSUkmRHoUDz485nMHEIU4X9rTRs=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKdbdXKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AH+ojMk=</latexit>

0
<latexit sha1_base64="j6ZxVeMthmNaWhTfkJ6ymnWYDz4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKda9XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AIEsjMo=</latexit>

1
<latexit sha1_base64="8ATjLfWsAF/zeuXywgKV4Y3skcA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1Su9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1fly/pFqXqfxZGHEziFc/DgGqpwBzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4KwjMs=</latexit>

2

<latexit sha1_base64="MCM3N0HUs/tElS6645WnqhlkOpI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAixchgnlAsoTZ2UkyZnZmmekVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuChPBDXret1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3Uz91hPThiv5gOOEBTEZSN7nlKCVml0aKTS9csWrejO4y8TPSQVy1Hvlr26kaBoziVQQYzq+l2CQEY2cCjYpdVPDEkJHZMA6lkoSMxNks2sn7olVIrevtC2J7kz9PZGR2JhxHNrOmODQLHpT8T+vk2L/Osi4TFJkks4X9VPhonKnr7sR14yiGFtCqOb2VpcOiSYUbUAlG4K/+PIyaZ5V/cvqxf15pXaXx1GEIziGU/DhCmpwC3VoAIVHeIZXeHOU8+K8Ox/z1oKTzxzCHzifP7Tmj0Q=</latexit>· · ·

<latexit sha1_base64="V9krfmIRrLae2SGwAOIRj7xZI5w=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbfB0DIuhBiGgSMVnD7GSSDJl9MNOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPd5UVSaLTtbyszN7+wuJRdzq2srq1v5De3ajqMFeNVFspQ3XlUcykCXkWBkt9FilPfk7zu9c9Gfv2RKy3C4BYHEXd92g1ERzCKRnpImojk5vL+fEgOSKmVL9hFewwyS5yUFCBFpZX/arZDFvs8QCap1g3HjtBNqELBJB/mmrHmEWV92uUNQwPqc+0m46uHZM8obdIJlakAyVj9PZFQX+uB75lOn2JPT3sj8T+vEWPn1E1EEMXIAzZZ1IklwZCMIiBtoThDOTCEMiXMrYT1qKIMTVA5E4Iz/fIsqZWKznHx6PqwUL5K48jCDuzCPjhwAmW4gApUgYGCZ3iFN+vJerHerY9Ja8ZKZ7bhD6zPH5l1kVE=</latexit>

SIZE� 2
<latexit sha1_base64="wTUtTMbP0QF7HMo1OM62KyNtVKI=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zEggh6EiGbBZAw9nU7SpGehu0YJQ/7DiwdFvPov3vwbO8kcNPFBweO9KqrqeZEUGm3728rMzS8sLmWXcyura+sb+c2tqg5jxXiFhTJUdY9qLkXAKyhQ8nqkOPU9yWte/3zk1x650iIM7nAQcden3UB0BKNopIekiUhur+4vhuSAOK18wS7aY5BZ4qSkACnKrfxXsx2y2OcBMkm1bjh2hG5CFQom+TDXjDWPKOvTLm8YGlCfazcZXz0ke0Zpk06oTAVIxurviYT6Wg98z3T6FHt62huJ/3mNGDtnbiKCKEYesMmiTiwJhmQUAWkLxRnKgSGUKWFuJaxHFWVogsqZEJzpl2dJ9bDonBSPb44Kpes0jizswC7sgwOnUIJLKEMFGCh4hld4s56sF+vd+pi0Zqx0Zhv+wPr8AZfxkVA=</latexit>

SIZE� 1

Given a non-negative integer    , we place it in bucket                     .<latexit sha1_base64="sCrVtjob6v49gVVtrwtHQuC+oQE=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAixchgnlAsoTZyWwyZHZ2mekVw5KP8OJBEa9+jzf/xkmyB00saCiquunuChIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqtx65NiJWDzhOuB/RgRKhYBSt1Mq6iORp0itX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx27oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahkg3BW3x5mTTPqt5l9eL+vFK7y+MowhEcwyl4cAU1uIU6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx9mi4+p</latexit>x
<latexit sha1_base64="fjyk2i3cJxLyURmk/Qwln5YUNIs=">AAACAnicbVDLSgMxFM3UV62vqitxEywFV2VGfC0LIuhCqGgf2BlKJs20oZnMkNwRy1Dc+CtuXCji1q9w59+YPhbaeiDh5Jx7ubnHjwXXYNvfVmZufmFxKbucW1ldW9/Ib27VdJQoyqo0EpFq+EQzwSWrAgfBGrFiJPQFq/u9s6Ffv2dK80jeQj9mXkg6kgecEjBSK7+TugD4YYBd7BbNNXreXN6dD1r5gl2yR8CzxJmQApqg0sp/ue2IJiGTQAXRuunYMXgpUcCpYIOcm2gWE9ojHdY0VJKQaS8drTDARaO0cRApcyTgkfq7IyWh1v3QN5Uhga6e9obif14zgeDUS7mME2CSjgcFicAQ4WEeuM0VoyD6hhCquPkrpl2iCAWTWs6E4EyvPEtqByXnuHR0fVgoX03iyKJdtIf2kYNOUBldoAqqIooe0TN6RW/Wk/VivVsf49KMNenZRn9gff4A4omV3g==</latexit>

x % SIZE

<latexit sha1_base64="z8q58TnQKVxw3Hf99sHmc2Hllpw=">AAAB+XicbVBNS8NAEN34WetX1KOXxSKIQknEqseCCHoQKtoPbEPZbDft0s0m7E4KJfSfePGgiFf/iTf/jds2B219MPB4b4aZeX4suAbH+bYWFpeWV1Zza/n1jc2tbXtnt6ajRFFWpZGIVMMnmgkuWRU4CNaIFSOhL1jd71+N/fqAKc0j+QjDmHkh6UoecErASG3bLh2nLQD8cPt0PcIn2G3bBafoTIDniZuRAspQadtfrU5Ek5BJoIJo3XSdGLyUKOBUsFG+lWgWE9onXdY0VJKQaS+dXD7Ch0bp4CBSpiTgifp7IiWh1sPQN50hgZ6e9cbif14zgeDSS7mME2CSThcFicAQ4XEMuMMVoyCGhhCquLkV0x5RhIIJK29CcGdfnie106J7XizdnxXKd1kcObSPDtARctEFKqMbVEFVRNEAPaNX9Gal1ov1bn1MWxesbGYP/YH1+QPsKZHy</latexit>

5 ⇤ SIZE+ 1
<latexit sha1_base64="j6ZxVeMthmNaWhTfkJ6ymnWYDz4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKda9XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AIEsjMo=</latexit>

1 Two distinct integers going into the 
same bucket is a collision.



Why Use The Modulus?
1) We need a function that maps non-negative integers to buckets.

A function which maps some data type to the label of a bucket is called a 
hash function.



Why Use The Modulus?
2)  A nice property of the modulus function is that when we choose a non-negative integer 
at random,                     is distributed uniformly over the buckets. 

<latexit sha1_base64="HSUkmRHoUDz485nMHEIU4X9rTRs=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKdbdXKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AH+ojMk=</latexit>

0
<latexit sha1_base64="j6ZxVeMthmNaWhTfkJ6ymnWYDz4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKda9XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AIEsjMo=</latexit>

1
<latexit sha1_base64="8ATjLfWsAF/zeuXywgKV4Y3skcA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1Su9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1fly/pFqXqfxZGHEziFc/DgGqpwBzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4KwjMs=</latexit>

2

<latexit sha1_base64="MCM3N0HUs/tElS6645WnqhlkOpI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAixchgnlAsoTZ2UkyZnZmmekVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuChPBDXret1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3Uz91hPThiv5gOOEBTEZSN7nlKCVml0aKTS9csWrejO4y8TPSQVy1Hvlr26kaBoziVQQYzq+l2CQEY2cCjYpdVPDEkJHZMA6lkoSMxNks2sn7olVIrevtC2J7kz9PZGR2JhxHNrOmODQLHpT8T+vk2L/Osi4TFJkks4X9VPhonKnr7sR14yiGFtCqOb2VpcOiSYUbUAlG4K/+PIyaZ5V/cvqxf15pXaXx1GEIziGU/DhCmpwC3VoAIVHeIZXeHOU8+K8Ox/z1oKTzxzCHzifP7Tmj0Q=</latexit>· · ·

<latexit sha1_base64="V9krfmIRrLae2SGwAOIRj7xZI5w=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbfB0DIuhBiGgSMVnD7GSSDJl9MNOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPd5UVSaLTtbyszN7+wuJRdzq2srq1v5De3ajqMFeNVFspQ3XlUcykCXkWBkt9FilPfk7zu9c9Gfv2RKy3C4BYHEXd92g1ERzCKRnpImojk5vL+fEgOSKmVL9hFewwyS5yUFCBFpZX/arZDFvs8QCap1g3HjtBNqELBJB/mmrHmEWV92uUNQwPqc+0m46uHZM8obdIJlakAyVj9PZFQX+uB75lOn2JPT3sj8T+vEWPn1E1EEMXIAzZZ1IklwZCMIiBtoThDOTCEMiXMrYT1qKIMTVA5E4Iz/fIsqZWKznHx6PqwUL5K48jCDuzCPjhwAmW4gApUgYGCZ3iFN+vJerHerY9Ja8ZKZ7bhD6zPH5l1kVE=</latexit>

SIZE� 2
<latexit sha1_base64="wTUtTMbP0QF7HMo1OM62KyNtVKI=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zEggh6EiGbBZAw9nU7SpGehu0YJQ/7DiwdFvPov3vwbO8kcNPFBweO9KqrqeZEUGm3728rMzS8sLmWXcyura+sb+c2tqg5jxXiFhTJUdY9qLkXAKyhQ8nqkOPU9yWte/3zk1x650iIM7nAQcden3UB0BKNopIekiUhur+4vhuSAOK18wS7aY5BZ4qSkACnKrfxXsx2y2OcBMkm1bjh2hG5CFQom+TDXjDWPKOvTLm8YGlCfazcZXz0ke0Zpk06oTAVIxurviYT6Wg98z3T6FHt62huJ/3mNGDtnbiKCKEYesMmiTiwJhmQUAWkLxRnKgSGUKWFuJaxHFWVogsqZEJzpl2dJ9bDonBSPb44Kpes0jizswC7sgwOnUIJLKEMFGCh4hld4s56sF+vd+pi0Zqx0Zhv+wPr8AZfxkVA=</latexit>

SIZE� 1

<latexit sha1_base64="sCrVtjob6v49gVVtrwtHQuC+oQE=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAixchgnlAsoTZyWwyZHZ2mekVw5KP8OJBEa9+jzf/xkmyB00saCiquunuChIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqtx65NiJWDzhOuB/RgRKhYBSt1Mq6iORp0itX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx27oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpr+TvtCcoRxbQpkW9lbChlRThjahkg3BW3x5mTTPqt5l9eL+vFK7y+MowhEcwyl4cAU1uIU6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx9mi4+p</latexit>x
<latexit sha1_base64="eq/fLodXnP78U6pBIJdaQ8aZQe4=">AAACAXicbVDLSgMxFM3UV62vqhvBTbAUXJUZ8bUsiKALoaJ9YGcomTTThmYyQ3JHLEPd+CtuXCji1r9w59+YPhbaeuDCyTn3knuPHwuuwba/rczc/MLiUnY5t7K6tr6R39yq6ShRlFVpJCLV8IlmgktWBQ6CNWLFSOgLVvd7Z0O/fs+U5pG8hX7MvJB0JA84JWCkVn4ndQHww8DFbhG7ePS6ubw7H7TyBbtkj4BniTMhBTRBpZX/ctsRTUImgQqiddOxY/BSooBTwQY5N9EsJrRHOqxpqCQh0146umCAi0Zp4yBSpiTgkfp7IiWh1v3QN50hga6e9obif14zgeDUS7mME2CSjj8KEoEhwsM4cJsrRkH0DSFUcbMrpl2iCAUTWs6E4EyfPEtqByXnuHR0fVgoX03iyKJdtIf2kYNOUBldoAqqIooe0TN6RW/Wk/VivVsf49aMNZnZRn9gff4Ah+SVtA==</latexit>

x % SIZE

<latexit sha1_base64="/RfNmkCg25OkifO/g1DeOUmHTbY=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBZBFEoiVj0WpKC3ivYD21g22027dLMJuxOlhP4PLx4U8ep/8ea/cdvmoK0PBh7vzTAzz4sE12Db31ZmYXFpeSW7mltb39jcym/v1HUYK8pqNBShanpEM8ElqwEHwZqRYiTwBGt4g8ux33hkSvNQ3sEwYm5AepL7nBIw0kPpKGkD4Nvr+8ro2OnkC3bRngDPEyclBZSi2sl/tbshjQMmgQqidcuxI3ATooBTwUa5dqxZROiA9FjLUEkCpt1kcvUIHxili/1QmZKAJ+rviYQEWg8Dz3QGBPp61huL/3mtGPwLN+EyioFJOl3kxwJDiMcR4C5XjIIYGkKo4uZWTPtEEQomqJwJwZl9eZ7UT4rOWbF0c1ooV9I4smgP7aND5KBzVEZXqIpqiCKFntErerOerBfr3fqYtmasdGYX/YH1+QO+SZFl</latexit>

5 ⇤ SIZE+ 1

<latexit sha1_base64="ndz2x2+u2oY5qJXbmRa3Ux13/R0=">AAAB83icbVDJSgNBEK1xjXGLevTSGATxEGbEqMeABPQW0SyYGUJPpydp0rPQXSOEIb/hxYMiXv0Zb/6NneWgiQ8KHu9VUVXPT6TQaNvf1tLyyuraem4jv7m1vbNb2Ntv6DhVjNdZLGPV8qnmUkS8jgIlbyWK09CXvOkPrsd+84krLeLoAYcJ90Lai0QgGEUjueXTzEUk97eP1VGnULRL9gRkkTgzUoQZap3Cl9uNWRryCJmkWrcdO0EvowoFk3yUd1PNE8oGtMfbhkY05NrLJjePyLFRuiSIlakIyUT9PZHRUOth6JvOkGJfz3tj8T+vnWJw5WUiSlLkEZsuClJJMCbjAEhXKM5QDg2hTAlzK2F9qihDE1PehODMv7xIGmcl56JUvjsvVqqzOHJwCEdwAg5cQgVuoAZ1YJDAM7zCm5VaL9a79TFtXbJmMwfwB9bnD+C9kPU=</latexit>

5 ⇤ SIZE
<latexit sha1_base64="5qJ6jPWTJfzWDE2hKRt+VBOW780=">AAAB9XicbVBNS8NAEN34WetX1aOXxSKIQkmKVY8FKeitov3ANpbNdtMu3WzC7kQpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM8yLBNdj2t7WwuLS8sppZy65vbG5t53Z26zqMFWU1GopQNT2imeCS1YCDYM1IMRJ4gjW8weXYbzwypXko72AYMTcgPcl9TgkY6aF0nLQB8O31fWV0Uuzk8nbBngDPEycleZSi2sl9tbshjQMmgQqidcuxI3ATooBTwUbZdqxZROiA9FjLUEkCpt1kcvUIHxqli/1QmZKAJ+rviYQEWg8Dz3QGBPp61huL/3mtGPwLN+EyioFJOl3kxwJDiMcR4C5XjIIYGkKo4uZWTPtEEQomqKwJwZl9eZ7UiwXnrFC6Oc2XK2kcGbSPDtARctA5KqMrVEU1RJFCz+gVvVlP1ov1bn1MWxesdGYP/YH1+QO/zZFm</latexit>

5 ⇤ SIZE+ 2
<latexit sha1_base64="1/WnPimhKfv89vErmlFHxXh3R/4=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBZBBEsiWj0WpKC3ivYD21g22027dLMJuxOlhP4PLx4U8ep/8ea/cdvmoK0PBh7vzTAzz4sE12Db31ZmYXFpeSW7mltb39jcym/v1HUYK8pqNBShanpEM8ElqwEHwZqRYiTwBGt4g8ux33hkSvNQ3sEwYm5AepL7nBIw0kPpKGkD4Nvr+8ro2OnkC3bRngDPEyclBZSi2sl/tbshjQMmgQqidcuxI3ATooBTwUa5dqxZROiA9FjLUEkCpt1kcvUIHxili/1QmZKAJ+rviYQEWg8Dz3QGBPp61huL/3mtGPwLN+EyioFJOl3kxwJDiMcR4C5XjIIYGkKo4uZWTPtEEQomqJwJwZl9eZ7UT4pOqXh2c1ooV9I4smgP7aND5KBzVEZXqIpqiCKFntErerOerBfr3fqYtmasdGYX/YH1+QPC5JFo</latexit>

6 ⇤ SIZE� 1
<latexit sha1_base64="lrkg/vkm7ZtOLLzGuZnV17EL8Jg=">AAAB9XicbVBNS8NAEN34WetX1aOXxSKIYEmKVo8FKeitov3ANpbNdtMu3WzC7kQpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM8yLBNdj2t7WwuLS8sppZy65vbG5t53Z26zqMFWU1GopQNT2imeCS1YCDYM1IMRJ4gjW8weXYbzwypXko72AYMTcgPcl9TgkY6aF0nLQB8O31fWV0Uuzk8nbBngDPEycleZSi2sl9tbshjQMmgQqidcuxI3ATooBTwUbZdqxZROiA9FjLUEkCpt1kcvUIHxqli/1QmZKAJ+rviYQEWg8Dz3QGBPp61huL/3mtGPwLN+EyioFJOl3kxwJDiMcR4C5XjIIYGkKo4uZWTPtEEQomqKwJwZl9eZ7UiwWnVDi7Oc2XK2kcGbSPDtARctA5KqMrVEU1RJFCz+gVvVlP1ov1bn1MWxesdGYP/YH1+QPEaJFp</latexit>

6 ⇤ SIZE� 2

This reduces the chance of collisions.



Why Use The Modulus?
3)  A hash function should also be fast to compute, and the modulus function is relatively 
fast to compute. 

<latexit sha1_base64="HSUkmRHoUDz485nMHEIU4X9rTRs=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKdbdXKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AH+ojMk=</latexit>

0
<latexit sha1_base64="j6ZxVeMthmNaWhTfkJ6ymnWYDz4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKda9XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AIEsjMo=</latexit>

1
<latexit sha1_base64="8ATjLfWsAF/zeuXywgKV4Y3skcA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1Su9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1fly/pFqXqfxZGHEziFc/DgGqpwBzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4KwjMs=</latexit>

2

<latexit sha1_base64="MCM3N0HUs/tElS6645WnqhlkOpI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAixchgnlAsoTZ2UkyZnZmmekVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuChPBDXret1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3Uz91hPThiv5gOOEBTEZSN7nlKCVml0aKTS9csWrejO4y8TPSQVy1Hvlr26kaBoziVQQYzq+l2CQEY2cCjYpdVPDEkJHZMA6lkoSMxNks2sn7olVIrevtC2J7kz9PZGR2JhxHNrOmODQLHpT8T+vk2L/Osi4TFJkks4X9VPhonKnr7sR14yiGFtCqOb2VpcOiSYUbUAlG4K/+PIyaZ5V/cvqxf15pXaXx1GEIziGU/DhCmpwC3VoAIVHeIZXeHOU8+K8Ox/z1oKTzxzCHzifP7Tmj0Q=</latexit>· · ·

<latexit sha1_base64="V9krfmIRrLae2SGwAOIRj7xZI5w=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbfB0DIuhBiGgSMVnD7GSSDJl9MNOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPd5UVSaLTtbyszN7+wuJRdzq2srq1v5De3ajqMFeNVFspQ3XlUcykCXkWBkt9FilPfk7zu9c9Gfv2RKy3C4BYHEXd92g1ERzCKRnpImojk5vL+fEgOSKmVL9hFewwyS5yUFCBFpZX/arZDFvs8QCap1g3HjtBNqELBJB/mmrHmEWV92uUNQwPqc+0m46uHZM8obdIJlakAyVj9PZFQX+uB75lOn2JPT3sj8T+vEWPn1E1EEMXIAzZZ1IklwZCMIiBtoThDOTCEMiXMrYT1qKIMTVA5E4Iz/fIsqZWKznHx6PqwUL5K48jCDuzCPjhwAmW4gApUgYGCZ3iFN+vJerHerY9Ja8ZKZ7bhD6zPH5l1kVE=</latexit>

SIZE� 2
<latexit sha1_base64="wTUtTMbP0QF7HMo1OM62KyNtVKI=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zEggh6EiGbBZAw9nU7SpGehu0YJQ/7DiwdFvPov3vwbO8kcNPFBweO9KqrqeZEUGm3728rMzS8sLmWXcyura+sb+c2tqg5jxXiFhTJUdY9qLkXAKyhQ8nqkOPU9yWte/3zk1x650iIM7nAQcden3UB0BKNopIekiUhur+4vhuSAOK18wS7aY5BZ4qSkACnKrfxXsx2y2OcBMkm1bjh2hG5CFQom+TDXjDWPKOvTLm8YGlCfazcZXz0ke0Zpk06oTAVIxurviYT6Wg98z3T6FHt62huJ/3mNGDtnbiKCKEYesMmiTiwJhmQUAWkLxRnKgSGUKWFuJaxHFWVogsqZEJzpl2dJ9bDonBSPb44Kpes0jizswC7sgwOnUIJLKEMFGCh4hld4s56sF+vd+pi0Zqx0Zhv+wPr8AZfxkVA=</latexit>

SIZE� 1

<latexit sha1_base64="/RfNmkCg25OkifO/g1DeOUmHTbY=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBZBFEoiVj0WpKC3ivYD21g22027dLMJuxOlhP4PLx4U8ep/8ea/cdvmoK0PBh7vzTAzz4sE12Db31ZmYXFpeSW7mltb39jcym/v1HUYK8pqNBShanpEM8ElqwEHwZqRYiTwBGt4g8ux33hkSvNQ3sEwYm5AepL7nBIw0kPpKGkD4Nvr+8ro2OnkC3bRngDPEyclBZSi2sl/tbshjQMmgQqidcuxI3ATooBTwUa5dqxZROiA9FjLUEkCpt1kcvUIHxili/1QmZKAJ+rviYQEWg8Dz3QGBPp61huL/3mtGPwLN+EyioFJOl3kxwJDiMcR4C5XjIIYGkKo4uZWTPtEEQomqJwJwZl9eZ7UT4rOWbF0c1ooV9I4smgP7aND5KBzVEZXqIpqiCKFntErerOerBfr3fqYtmasdGYX/YH1+QO+SZFl</latexit>

5 ⇤ SIZE+ 1

<latexit sha1_base64="ndz2x2+u2oY5qJXbmRa3Ux13/R0=">AAAB83icbVDJSgNBEK1xjXGLevTSGATxEGbEqMeABPQW0SyYGUJPpydp0rPQXSOEIb/hxYMiXv0Zb/6NneWgiQ8KHu9VUVXPT6TQaNvf1tLyyuraem4jv7m1vbNb2Ntv6DhVjNdZLGPV8qnmUkS8jgIlbyWK09CXvOkPrsd+84krLeLoAYcJ90Lai0QgGEUjueXTzEUk97eP1VGnULRL9gRkkTgzUoQZap3Cl9uNWRryCJmkWrcdO0EvowoFk3yUd1PNE8oGtMfbhkY05NrLJjePyLFRuiSIlakIyUT9PZHRUOth6JvOkGJfz3tj8T+vnWJw5WUiSlLkEZsuClJJMCbjAEhXKM5QDg2hTAlzK2F9qihDE1PehODMv7xIGmcl56JUvjsvVqqzOHJwCEdwAg5cQgVuoAZ1YJDAM7zCm5VaL9a79TFtXbJmMwfwB9bnD+C9kPU=</latexit>

5 ⇤ SIZE
<latexit sha1_base64="5qJ6jPWTJfzWDE2hKRt+VBOW780=">AAAB9XicbVBNS8NAEN34WetX1aOXxSKIQkmKVY8FKeitov3ANpbNdtMu3WzC7kQpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM8yLBNdj2t7WwuLS8sppZy65vbG5t53Z26zqMFWU1GopQNT2imeCS1YCDYM1IMRJ4gjW8weXYbzwypXko72AYMTcgPcl9TgkY6aF0nLQB8O31fWV0Uuzk8nbBngDPEycleZSi2sl9tbshjQMmgQqidcuxI3ATooBTwUbZdqxZROiA9FjLUEkCpt1kcvUIHxqli/1QmZKAJ+rviYQEWg8Dz3QGBPp61huL/3mtGPwLN+EyioFJOl3kxwJDiMcR4C5XjIIYGkKo4uZWTPtEEQomqKwJwZl9eZ7UiwXnrFC6Oc2XK2kcGbSPDtARctA5KqMrVEU1RJFCz+gVvVlP1ov1bn1MWxesdGYP/YH1+QO/zZFm</latexit>

5 ⇤ SIZE+ 2
<latexit sha1_base64="1/WnPimhKfv89vErmlFHxXh3R/4=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBZBBEsiWj0WpKC3ivYD21g22027dLMJuxOlhP4PLx4U8ep/8ea/cdvmoK0PBh7vzTAzz4sE12Db31ZmYXFpeSW7mltb39jcym/v1HUYK8pqNBShanpEM8ElqwEHwZqRYiTwBGt4g8ux33hkSvNQ3sEwYm5AepL7nBIw0kPpKGkD4Nvr+8ro2OnkC3bRngDPEyclBZSi2sl/tbshjQMmgQqidcuxI3ATooBTwUa5dqxZROiA9FjLUEkCpt1kcvUIHxili/1QmZKAJ+rviYQEWg8Dz3QGBPp61huL/3mtGPwLN+EyioFJOl3kxwJDiMcR4C5XjIIYGkKo4uZWTPtEEQomqJwJwZl9eZ7UT4pOqXh2c1ooV9I4smgP7aND5KBzVEZXqIpqiCKFntErerOerBfr3fqYtmasdGYX/YH1+QPC5JFo</latexit>

6 ⇤ SIZE� 1
<latexit sha1_base64="lrkg/vkm7ZtOLLzGuZnV17EL8Jg=">AAAB9XicbVBNS8NAEN34WetX1aOXxSKIYEmKVo8FKeitov3ANpbNdtMu3WzC7kQpof/DiwdFvPpfvPlv3LY5aOuDgcd7M8zM8yLBNdj2t7WwuLS8sppZy65vbG5t53Z26zqMFWU1GopQNT2imeCS1YCDYM1IMRJ4gjW8weXYbzwypXko72AYMTcgPcl9TgkY6aF0nLQB8O31fWV0Uuzk8nbBngDPEycleZSi2sl9tbshjQMmgQqidcuxI3ATooBTwUbZdqxZROiA9FjLUEkCpt1kcvUIHxqli/1QmZKAJ+rviYQEWg8Dz3QGBPp61huL/3mtGPwLN+EyioFJOl3kxwJDiMcR4C5XjIIYGkKo4uZWTPtEEQomqKwJwZl9eZ7UiwWnVDi7Oc2XK2kcGbSPDtARctA5KqMrVEU1RJFCz+gVvVlP1ov1bn1MWxesdGYP/YH1+QPEaJFp</latexit>

6 ⇤ SIZE� 2



Load Factor
We don’t want to have too many buckets.  If we are going to store       numbers, we would 
like the number of buckets to be, say,        .

<latexit sha1_base64="4CavlAYHlELWFKaXBykhJ0niiU4=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAixclAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3Uz95hMqzSP5YMYx+iEdSN7njBor1e67xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuUuiyMPR3AMp+DBFVTgFqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP60gjOc=</latexit>

N
<latexit sha1_base64="1UxGw0OVGukS5gRRQbRPUOkyOr8=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9KFPOAJITZyWwyZHZ2mekVwpI/8OJBEa/+kTf/xkmyB00saCiquunu8mMpDLrut5NbWV1b38hvFra2d3b3ivsHDRMlmvE6i2SkWz41XArF6yhQ8lasOQ19yZv+6HrqN5+4NiJSjziOeTekAyUCwSha6aFy1yuW3LI7A1kmXkZKkKHWK351+hFLQq6QSWpM23Nj7KZUo2CSTwqdxPCYshEd8LaliobcdNPZpRNyYpU+CSJtSyGZqb8nUhoaMw592xlSHJpFbyr+57UTDK66qVBxglyx+aIgkQQjMn2b9IXmDOXYEsq0sLcSNqSaMrThFGwI3uLLy6RRKXsX5fP7s1L1NosjD0dwDKfgwSVU4QZqUAcGATzDK7w5I+fFeXc+5q05J5s5hD9wPn8AHg2NIw==</latexit>

2N

With a constant load factor, we expect to have collisions.  We need a way of dealing with 
them.

The ratio of the number of numbers stored to the number of buckets is called the load 
factor.



Collision Handling
Rather than just saying if a bucket has a number or not, let’s remember all the numbers in 
the bucket.

Each bucket can have its own data structure, say a deque, to store all the elements in that 
bucket.

For each new element we first compute what bucket it should be in.  We then add it to the 
front of the deque stored at that bucket.



Collision Handling
For each new element we first compute what bucket it should be in.  We then add it to the 
front of the deque stored at that bucket.

<latexit sha1_base64="HSUkmRHoUDz485nMHEIU4X9rTRs=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKdbdXKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AH+ojMk=</latexit>

0
<latexit sha1_base64="j6ZxVeMthmNaWhTfkJ6ymnWYDz4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKda9XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AIEsjMo=</latexit>

1
<latexit sha1_base64="8ATjLfWsAF/zeuXywgKV4Y3skcA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1Su9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1fly/pFqXqfxZGHEziFc/DgGqpwBzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4KwjMs=</latexit>

2

<latexit sha1_base64="MCM3N0HUs/tElS6645WnqhlkOpI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAixchgnlAsoTZ2UkyZnZmmekVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuChPBDXret1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3Uz91hPThiv5gOOEBTEZSN7nlKCVml0aKTS9csWrejO4y8TPSQVy1Hvlr26kaBoziVQQYzq+l2CQEY2cCjYpdVPDEkJHZMA6lkoSMxNks2sn7olVIrevtC2J7kz9PZGR2JhxHNrOmODQLHpT8T+vk2L/Osi4TFJkks4X9VPhonKnr7sR14yiGFtCqOb2VpcOiSYUbUAlG4K/+PIyaZ5V/cvqxf15pXaXx1GEIziGU/DhCmpwC3VoAIVHeIZXeHOU8+K8Ox/z1oKTzxzCHzifP7Tmj0Q=</latexit>· · ·

<latexit sha1_base64="V9krfmIRrLae2SGwAOIRj7xZI5w=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbfB0DIuhBiGgSMVnD7GSSDJl9MNOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPd5UVSaLTtbyszN7+wuJRdzq2srq1v5De3ajqMFeNVFspQ3XlUcykCXkWBkt9FilPfk7zu9c9Gfv2RKy3C4BYHEXd92g1ERzCKRnpImojk5vL+fEgOSKmVL9hFewwyS5yUFCBFpZX/arZDFvs8QCap1g3HjtBNqELBJB/mmrHmEWV92uUNQwPqc+0m46uHZM8obdIJlakAyVj9PZFQX+uB75lOn2JPT3sj8T+vEWPn1E1EEMXIAzZZ1IklwZCMIiBtoThDOTCEMiXMrYT1qKIMTVA5E4Iz/fIsqZWKznHx6PqwUL5K48jCDuzCPjhwAmW4gApUgYGCZ3iFN+vJerHerY9Ja8ZKZ7bhD6zPH5l1kVE=</latexit>

SIZE� 2
<latexit sha1_base64="wTUtTMbP0QF7HMo1OM62KyNtVKI=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zEggh6EiGbBZAw9nU7SpGehu0YJQ/7DiwdFvPov3vwbO8kcNPFBweO9KqrqeZEUGm3728rMzS8sLmWXcyura+sb+c2tqg5jxXiFhTJUdY9qLkXAKyhQ8nqkOPU9yWte/3zk1x650iIM7nAQcden3UB0BKNopIekiUhur+4vhuSAOK18wS7aY5BZ4qSkACnKrfxXsx2y2OcBMkm1bjh2hG5CFQom+TDXjDWPKOvTLm8YGlCfazcZXz0ke0Zpk06oTAVIxurviYT6Wg98z3T6FHt62huJ/3mNGDtnbiKCKEYesMmiTiwJhmQUAWkLxRnKgSGUKWFuJaxHFWVogsqZEJzpl2dJ9bDonBSPb44Kpes0jizswC7sgwOnUIJLKEMFGCh4hld4s56sF+vd+pi0Zqx0Zhv+wPr8AZfxkVA=</latexit>

SIZE� 1

<latexit sha1_base64="pHf20weE6+vsxXxY74f8A5f8GRA=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiAIQpgRt2NABD0IEc2CyRh6Op2kSc9Cd40ShvyHFw+KePVfvPk3dpI5aOKDgsd7VVTV8yIpNNr2t5WZm19YXMou51ZW19Y38ptbVR3GivEKC2Wo6h7VXIqAV1Cg5PVIcep7kte8/vnIrz1ypUUY3OEg4q5Pu4HoCEbRSA9JE5HcXt1fDMkBcVr5gl20xyCzxElJAVKUW/mvZjtksc8DZJJq3XDsCN2EKhRM8mGuGWseUdanXd4wNKA+124yvnpI9ozSJp1QmQqQjNXfEwn1tR74nun0Kfb0tDcS//MaMXbO3EQEUYw8YJNFnVgSDMkoAtIWijOUA0MoU8LcSliPKsrQBJUzITjTL8+S6mHROSke3xwVStdpHFnYgV3YBwdOoQSXUIYKMFDwDK/wZj1ZL9a79TFpzVjpzDb8gfX5A5TlkU4=</latexit>

SIZE+ 1



Collision Handling
For each new element we first compute what bucket it should be in.  We then add it to the 
vector stored at that bucket.

<latexit sha1_base64="HSUkmRHoUDz485nMHEIU4X9rTRs=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKdbdXKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AH+ojMk=</latexit>

0
<latexit sha1_base64="j6ZxVeMthmNaWhTfkJ6ymnWYDz4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKda9XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AIEsjMo=</latexit>

1
<latexit sha1_base64="8ATjLfWsAF/zeuXywgKV4Y3skcA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1Su9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1fly/pFqXqfxZGHEziFc/DgGqpwBzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4KwjMs=</latexit>

2

<latexit sha1_base64="MCM3N0HUs/tElS6645WnqhlkOpI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAixchgnlAsoTZ2UkyZnZmmekVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuChPBDXret1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3Uz91hPThiv5gOOEBTEZSN7nlKCVml0aKTS9csWrejO4y8TPSQVy1Hvlr26kaBoziVQQYzq+l2CQEY2cCjYpdVPDEkJHZMA6lkoSMxNks2sn7olVIrevtC2J7kz9PZGR2JhxHNrOmODQLHpT8T+vk2L/Osi4TFJkks4X9VPhonKnr7sR14yiGFtCqOb2VpcOiSYUbUAlG4K/+PIyaZ5V/cvqxf15pXaXx1GEIziGU/DhCmpwC3VoAIVHeIZXeHOU8+K8Ox/z1oKTzxzCHzifP7Tmj0Q=</latexit>· · ·

<latexit sha1_base64="V9krfmIRrLae2SGwAOIRj7xZI5w=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbfB0DIuhBiGgSMVnD7GSSDJl9MNOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPd5UVSaLTtbyszN7+wuJRdzq2srq1v5De3ajqMFeNVFspQ3XlUcykCXkWBkt9FilPfk7zu9c9Gfv2RKy3C4BYHEXd92g1ERzCKRnpImojk5vL+fEgOSKmVL9hFewwyS5yUFCBFpZX/arZDFvs8QCap1g3HjtBNqELBJB/mmrHmEWV92uUNQwPqc+0m46uHZM8obdIJlakAyVj9PZFQX+uB75lOn2JPT3sj8T+vEWPn1E1EEMXIAzZZ1IklwZCMIiBtoThDOTCEMiXMrYT1qKIMTVA5E4Iz/fIsqZWKznHx6PqwUL5K48jCDuzCPjhwAmW4gApUgYGCZ3iFN+vJerHerY9Ja8ZKZ7bhD6zPH5l1kVE=</latexit>

SIZE� 2
<latexit sha1_base64="wTUtTMbP0QF7HMo1OM62KyNtVKI=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zEggh6EiGbBZAw9nU7SpGehu0YJQ/7DiwdFvPov3vwbO8kcNPFBweO9KqrqeZEUGm3728rMzS8sLmWXcyura+sb+c2tqg5jxXiFhTJUdY9qLkXAKyhQ8nqkOPU9yWte/3zk1x650iIM7nAQcden3UB0BKNopIekiUhur+4vhuSAOK18wS7aY5BZ4qSkACnKrfxXsx2y2OcBMkm1bjh2hG5CFQom+TDXjDWPKOvTLm8YGlCfazcZXz0ke0Zpk06oTAVIxurviYT6Wg98z3T6FHt62huJ/3mNGDtnbiKCKEYesMmiTiwJhmQUAWkLxRnKgSGUKWFuJaxHFWVogsqZEJzpl2dJ9bDonBSPb44Kpes0jizswC7sgwOnUIJLKEMFGCh4hld4s56sF+vd+pi0Zqx0Zhv+wPr8AZfxkVA=</latexit>

SIZE� 1
<latexit sha1_base64="pHf20weE6+vsxXxY74f8A5f8GRA=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiAIQpgRt2NABD0IEc2CyRh6Op2kSc9Cd40ShvyHFw+KePVfvPk3dpI5aOKDgsd7VVTV8yIpNNr2t5WZm19YXMou51ZW19Y38ptbVR3GivEKC2Wo6h7VXIqAV1Cg5PVIcep7kte8/vnIrz1ypUUY3OEg4q5Pu4HoCEbRSA9JE5HcXt1fDMkBcVr5gl20xyCzxElJAVKUW/mvZjtksc8DZJJq3XDsCN2EKhRM8mGuGWseUdanXd4wNKA+124yvnpI9ozSJp1QmQqQjNXfEwn1tR74nun0Kfb0tDcS//MaMXbO3EQEUYw8YJNFnVgSDMkoAtIWijOUA0MoU8LcSliPKsrQBJUzITjTL8+S6mHROSke3xwVStdpHFnYgV3YBwdOoQSXUIYKMFDwDK/wZj1ZL9a79TFpzVjpzDb8gfX5A5TlkU4=</latexit>

SIZE+ 1

<latexit sha1_base64="8OPSR3RDFTiID1P2wZkyiawxWRk=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBZBBEsiVj0WRNCDUNF+YBvLZrtpl242YXeilND/4cWDIl79L978N27bHLT1wcDjvRlm5nmR4Bps+9vKzM0vLC5ll3Mrq2vrG/nNrZoOY0VZlYYiVA2PaCa4ZFXgIFgjUowEnmB1r38+8uuPTGkeyjsYRMwNSFdyn1MCRnooHSQtAHx7dX8xPHTa+YJdtMfAs8RJSQGlqLTzX61OSOOASaCCaN107AjchCjgVLBhrhVrFhHaJ13WNFSSgGk3GV89xHtG6WA/VKYk4LH6eyIhgdaDwDOdAYGenvZG4n9eMwb/zE24jGJgkk4W+bHAEOJRBLjDFaMgBoYQqri5FdMeUYSCCSpnQnCmX54ltaOic1Is3RwXytdpHFm0g3bRPnLQKSqjS1RBVUSRQs/oFb1ZT9aL9W59TFozVjqzjf7A+vwBw7uRbw==</latexit>

5 ⇤ SIZE� 1



Collision Handling
For each new element we first compute what bucket it should be in.  We then add it to the 
vector stored at that bucket.

<latexit sha1_base64="HSUkmRHoUDz485nMHEIU4X9rTRs=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKdbdXKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AH+ojMk=</latexit>

0
<latexit sha1_base64="j6ZxVeMthmNaWhTfkJ6ymnWYDz4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKda9XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AIEsjMo=</latexit>

1
<latexit sha1_base64="8ATjLfWsAF/zeuXywgKV4Y3skcA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1Su9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1fly/pFqXqfxZGHEziFc/DgGqpwBzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4KwjMs=</latexit>

2

<latexit sha1_base64="MCM3N0HUs/tElS6645WnqhlkOpI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAixchgnlAsoTZ2UkyZnZmmekVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuChPBDXret1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3Uz91hPThiv5gOOEBTEZSN7nlKCVml0aKTS9csWrejO4y8TPSQVy1Hvlr26kaBoziVQQYzq+l2CQEY2cCjYpdVPDEkJHZMA6lkoSMxNks2sn7olVIrevtC2J7kz9PZGR2JhxHNrOmODQLHpT8T+vk2L/Osi4TFJkks4X9VPhonKnr7sR14yiGFtCqOb2VpcOiSYUbUAlG4K/+PIyaZ5V/cvqxf15pXaXx1GEIziGU/DhCmpwC3VoAIVHeIZXeHOU8+K8Ox/z1oKTzxzCHzifP7Tmj0Q=</latexit>· · ·

<latexit sha1_base64="V9krfmIRrLae2SGwAOIRj7xZI5w=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbfB0DIuhBiGgSMVnD7GSSDJl9MNOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPd5UVSaLTtbyszN7+wuJRdzq2srq1v5De3ajqMFeNVFspQ3XlUcykCXkWBkt9FilPfk7zu9c9Gfv2RKy3C4BYHEXd92g1ERzCKRnpImojk5vL+fEgOSKmVL9hFewwyS5yUFCBFpZX/arZDFvs8QCap1g3HjtBNqELBJB/mmrHmEWV92uUNQwPqc+0m46uHZM8obdIJlakAyVj9PZFQX+uB75lOn2JPT3sj8T+vEWPn1E1EEMXIAzZZ1IklwZCMIiBtoThDOTCEMiXMrYT1qKIMTVA5E4Iz/fIsqZWKznHx6PqwUL5K48jCDuzCPjhwAmW4gApUgYGCZ3iFN+vJerHerY9Ja8ZKZ7bhD6zPH5l1kVE=</latexit>

SIZE� 2
<latexit sha1_base64="wTUtTMbP0QF7HMo1OM62KyNtVKI=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zEggh6EiGbBZAw9nU7SpGehu0YJQ/7DiwdFvPov3vwbO8kcNPFBweO9KqrqeZEUGm3728rMzS8sLmWXcyura+sb+c2tqg5jxXiFhTJUdY9qLkXAKyhQ8nqkOPU9yWte/3zk1x650iIM7nAQcden3UB0BKNopIekiUhur+4vhuSAOK18wS7aY5BZ4qSkACnKrfxXsx2y2OcBMkm1bjh2hG5CFQom+TDXjDWPKOvTLm8YGlCfazcZXz0ke0Zpk06oTAVIxurviYT6Wg98z3T6FHt62huJ/3mNGDtnbiKCKEYesMmiTiwJhmQUAWkLxRnKgSGUKWFuJaxHFWVogsqZEJzpl2dJ9bDonBSPb44Kpes0jizswC7sgwOnUIJLKEMFGCh4hld4s56sF+vd+pi0Zqx0Zhv+wPr8AZfxkVA=</latexit>

SIZE� 1
<latexit sha1_base64="pHf20weE6+vsxXxY74f8A5f8GRA=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiAIQpgRt2NABD0IEc2CyRh6Op2kSc9Cd40ShvyHFw+KePVfvPk3dpI5aOKDgsd7VVTV8yIpNNr2t5WZm19YXMou51ZW19Y38ptbVR3GivEKC2Wo6h7VXIqAV1Cg5PVIcep7kte8/vnIrz1ypUUY3OEg4q5Pu4HoCEbRSA9JE5HcXt1fDMkBcVr5gl20xyCzxElJAVKUW/mvZjtksc8DZJJq3XDsCN2EKhRM8mGuGWseUdanXd4wNKA+124yvnpI9ozSJp1QmQqQjNXfEwn1tR74nun0Kfb0tDcS//MaMXbO3EQEUYw8YJNFnVgSDMkoAtIWijOUA0MoU8LcSliPKsrQBJUzITjTL8+S6mHROSke3xwVStdpHFnYgV3YBwdOoQSXUIYKMFDwDK/wZj1ZL9a79TFpzVjpzDb8gfX5A5TlkU4=</latexit>

SIZE+ 1
<latexit sha1_base64="8OPSR3RDFTiID1P2wZkyiawxWRk=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBZBBEsiVj0WRNCDUNF+YBvLZrtpl242YXeilND/4cWDIl79L978N27bHLT1wcDjvRlm5nmR4Bps+9vKzM0vLC5ll3Mrq2vrG/nNrZoOY0VZlYYiVA2PaCa4ZFXgIFgjUowEnmB1r38+8uuPTGkeyjsYRMwNSFdyn1MCRnooHSQtAHx7dX8xPHTa+YJdtMfAs8RJSQGlqLTzX61OSOOASaCCaN107AjchCjgVLBhrhVrFhHaJ13WNFSSgGk3GV89xHtG6WA/VKYk4LH6eyIhgdaDwDOdAYGenvZG4n9eMwb/zE24jGJgkk4W+bHAEOJRBLjDFaMgBoYQqri5FdMeUYSCCSpnQnCmX54ltaOic1Is3RwXytdpHFm0g3bRPnLQKSqjS1RBVUSRQs/oFb1ZT9aL9W59TFozVjqzjf7A+vwBw7uRbw==</latexit>

5 ⇤ SIZE� 1

<latexit sha1_base64="ZtC1pKs1FUX2JtG7HqXflSkT12c=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQyCKIRd8XUMiKAHIaJ5YLKE2ckkGTI7u8z0KmHNp3jxoIhXv8Sbf+Mk2YMmFjQUVd10d/mR4Boc59vKzM0vLC5ll3Mrq2vrG3Z+s6rDWFFWoaEIVd0nmgkuWQU4CFaPFCOBL1jN75+P/NoDU5qH8g4GEfMC0pW8wykBI7XsvOvsJ00AfHt1fzHEB9ht2QWn6IyBZ4mbkgJKUW7ZX812SOOASaCCaN1wnQi8hCjgVLBhrhlrFhHaJ13WMFSSgGkvGZ8+xLtGaeNOqExJwGP190RCAq0HgW86AwI9Pe2NxP+8RgydMy/hMoqBSTpZ1IkFhhCPcsBtrhgFMTCEUMXNrZj2iCIUTFo5E4I7/fIsqR4W3ZPi8c1RoXSdxpFF22gH7SEXnaISukRlVEEUPaJn9IrerCfrxXq3PiatGSud2UJ/YH3+AFbOkig=</latexit>

10 ⇤ SIZE+ 1



Collision Handling
For each new element we first compute what bucket it should be in.  We then add it to the 
vector stored at that bucket.

<latexit sha1_base64="HSUkmRHoUDz485nMHEIU4X9rTRs=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKdbdXKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AH+ojMk=</latexit>

0
<latexit sha1_base64="j6ZxVeMthmNaWhTfkJ6ymnWYDz4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKda9XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AIEsjMo=</latexit>

1
<latexit sha1_base64="8ATjLfWsAF/zeuXywgKV4Y3skcA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1Su9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1fly/pFqXqfxZGHEziFc/DgGqpwBzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4KwjMs=</latexit>

2

<latexit sha1_base64="MCM3N0HUs/tElS6645WnqhlkOpI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAixchgnlAsoTZ2UkyZnZmmekVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuChPBDXret1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3Uz91hPThiv5gOOEBTEZSN7nlKCVml0aKTS9csWrejO4y8TPSQVy1Hvlr26kaBoziVQQYzq+l2CQEY2cCjYpdVPDEkJHZMA6lkoSMxNks2sn7olVIrevtC2J7kz9PZGR2JhxHNrOmODQLHpT8T+vk2L/Osi4TFJkks4X9VPhonKnr7sR14yiGFtCqOb2VpcOiSYUbUAlG4K/+PIyaZ5V/cvqxf15pXaXx1GEIziGU/DhCmpwC3VoAIVHeIZXeHOU8+K8Ox/z1oKTzxzCHzifP7Tmj0Q=</latexit>· · ·

<latexit sha1_base64="V9krfmIRrLae2SGwAOIRj7xZI5w=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbfB0DIuhBiGgSMVnD7GSSDJl9MNOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPd5UVSaLTtbyszN7+wuJRdzq2srq1v5De3ajqMFeNVFspQ3XlUcykCXkWBkt9FilPfk7zu9c9Gfv2RKy3C4BYHEXd92g1ERzCKRnpImojk5vL+fEgOSKmVL9hFewwyS5yUFCBFpZX/arZDFvs8QCap1g3HjtBNqELBJB/mmrHmEWV92uUNQwPqc+0m46uHZM8obdIJlakAyVj9PZFQX+uB75lOn2JPT3sj8T+vEWPn1E1EEMXIAzZZ1IklwZCMIiBtoThDOTCEMiXMrYT1qKIMTVA5E4Iz/fIsqZWKznHx6PqwUL5K48jCDuzCPjhwAmW4gApUgYGCZ3iFN+vJerHerY9Ja8ZKZ7bhD6zPH5l1kVE=</latexit>

SIZE� 2
<latexit sha1_base64="wTUtTMbP0QF7HMo1OM62KyNtVKI=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zEggh6EiGbBZAw9nU7SpGehu0YJQ/7DiwdFvPov3vwbO8kcNPFBweO9KqrqeZEUGm3728rMzS8sLmWXcyura+sb+c2tqg5jxXiFhTJUdY9qLkXAKyhQ8nqkOPU9yWte/3zk1x650iIM7nAQcden3UB0BKNopIekiUhur+4vhuSAOK18wS7aY5BZ4qSkACnKrfxXsx2y2OcBMkm1bjh2hG5CFQom+TDXjDWPKOvTLm8YGlCfazcZXz0ke0Zpk06oTAVIxurviYT6Wg98z3T6FHt62huJ/3mNGDtnbiKCKEYesMmiTiwJhmQUAWkLxRnKgSGUKWFuJaxHFWVogsqZEJzpl2dJ9bDonBSPb44Kpes0jizswC7sgwOnUIJLKEMFGCh4hld4s56sF+vd+pi0Zqx0Zhv+wPr8AZfxkVA=</latexit>

SIZE� 1

<latexit sha1_base64="pHf20weE6+vsxXxY74f8A5f8GRA=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiAIQpgRt2NABD0IEc2CyRh6Op2kSc9Cd40ShvyHFw+KePVfvPk3dpI5aOKDgsd7VVTV8yIpNNr2t5WZm19YXMou51ZW19Y38ptbVR3GivEKC2Wo6h7VXIqAV1Cg5PVIcep7kte8/vnIrz1ypUUY3OEg4q5Pu4HoCEbRSA9JE5HcXt1fDMkBcVr5gl20xyCzxElJAVKUW/mvZjtksc8DZJJq3XDsCN2EKhRM8mGuGWseUdanXd4wNKA+124yvnpI9ozSJp1QmQqQjNXfEwn1tR74nun0Kfb0tDcS//MaMXbO3EQEUYw8YJNFnVgSDMkoAtIWijOUA0MoU8LcSliPKsrQBJUzITjTL8+S6mHROSke3xwVStdpHFnYgV3YBwdOoQSXUIYKMFDwDK/wZj1ZL9a79TFpzVjpzDb8gfX5A5TlkU4=</latexit>

SIZE+ 1

<latexit sha1_base64="8OPSR3RDFTiID1P2wZkyiawxWRk=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBZBBEsiVj0WRNCDUNF+YBvLZrtpl242YXeilND/4cWDIl79L978N27bHLT1wcDjvRlm5nmR4Bps+9vKzM0vLC5ll3Mrq2vrG/nNrZoOY0VZlYYiVA2PaCa4ZFXgIFgjUowEnmB1r38+8uuPTGkeyjsYRMwNSFdyn1MCRnooHSQtAHx7dX8xPHTa+YJdtMfAs8RJSQGlqLTzX61OSOOASaCCaN107AjchCjgVLBhrhVrFhHaJ13WNFSSgGk3GV89xHtG6WA/VKYk4LH6eyIhgdaDwDOdAYGenvZG4n9eMwb/zE24jGJgkk4W+bHAEOJRBLjDFaMgBoYQqri5FdMeUYSCCSpnQnCmX54ltaOic1Is3RwXytdpHFm0g3bRPnLQKSqjS1RBVUSRQs/oFb1ZT9aL9W59TFozVjqzjf7A+vwBw7uRbw==</latexit>

5 ⇤ SIZE� 1
<latexit sha1_base64="ZtC1pKs1FUX2JtG7HqXflSkT12c=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQyCKIRd8XUMiKAHIaJ5YLKE2ckkGTI7u8z0KmHNp3jxoIhXv8Sbf+Mk2YMmFjQUVd10d/mR4Boc59vKzM0vLC5ll3Mrq2vrG3Z+s6rDWFFWoaEIVd0nmgkuWQU4CFaPFCOBL1jN75+P/NoDU5qH8g4GEfMC0pW8wykBI7XsvOvsJ00AfHt1fzHEB9ht2QWn6IyBZ4mbkgJKUW7ZX812SOOASaCCaN1wnQi8hCjgVLBhrhlrFhHaJ13WMFSSgGkvGZ8+xLtGaeNOqExJwGP190RCAq0HgW86AwI9Pe2NxP+8RgydMy/hMoqBSTpZ1IkFhhCPcsBtrhgFMTCEUMXNrZj2iCIUTFo5E4I7/fIsqR4W3ZPi8c1RoXSdxpFF22gH7SEXnaISukRlVEEUPaJn9IrerCfrxXq3PiatGSud2UJ/YH3+AFbOkig=</latexit>

10 ⇤ SIZE+ 1



Hash Table

We have now built a hash table.

The basic components are:

1) Hash function to map the data to an array index.

2) Mechanism to handle hash collisions.

The method of having a data structure at each bucket to store the elements mapped there 
is called separate chaining.



Homemade Hash Table
Let’s try this again on contains duplicate. Godbolt Link

load factor of 1/2

https://godbolt.org/z/516of3rEP


Homemade Hash Table
Let’s try this again on contains duplicate.

our hash table is a 
vector of deques



Homemade Hash Table
Let’s try this again on contains duplicate.

compute the bucket
(assuming         )      

<latexit sha1_base64="LYoA1ogl37vo5R2DUVVrlN8C+Kc=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgyI4DGCWSAzhJ5OT9KkZ7G7JhiGfIcXD4p49WO8+Td2kjlo4oOCx3tVVNXzEyk02va3VVhZXVvfKG6WtrZ3dvfK+wdNHaeK8QaLZazaPtVciog3UKDk7URxGvqSt/zhzdRvjbjSIo4ecJxwL6T9SASCUTSSl7mI5GlC3D4ndrdcsav2DGSZODmpQI56t/zl9mKWhjxCJqnWHcdO0MuoQsEkn5TcVPOEsiHt846hEQ259rLZ0RNyYpQeCWJlKkIyU39PZDTUehz6pjOkONCL3lT8z+ukGFx7mYiSFHnE5ouCVBKMyTQB0hOKM5RjQyhTwtxK2IAqytDkVDIhOIsvL5PmWdW5rF7cn1dqt3kcRTiCYzgFB66gBndQhwYweIRneIU3a2S9WO/Wx7y1YOUzh/AH1ucPwZWRdQ==</latexit>

x � 0



Homemade Hash Table
Let’s try this again on contains duplicate.

do linear search to 
see if    already in bucket    <latexit sha1_base64="3FJKh6rNUWVpPbm7upRTdf/7u9s=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NABI8RzAOSJcxOZpMhs7PLTK8YlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbF6wHHC/YgOlAgFo2ilVtZFJE+TXrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NzJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Z30heYM5dgSyrSwtxI2pJoytAmVbAje4svLpHlW9S6rF/fnldptHkcRjuAYTsGDK6jBHdShAQxG8Ayv8OYkzovz7nzMWwtOPnMIf+B8/gBkI4+h</latexit>x



Homemade Hash Table
Let’s try this again on contains duplicate.

if    is in the bucket,
return true    

<latexit sha1_base64="3FJKh6rNUWVpPbm7upRTdf/7u9s=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NABI8RzAOSJcxOZpMhs7PLTK8YlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9ci1EbF6wHHC/YgOlAgFo2ilVtZFJE+TXrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NzJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Z30heYM5dgSyrSwtxI2pJoytAmVbAje4svLpHlW9S6rF/fnldptHkcRjuAYTsGDK6jBHdShAQxG8Ayv8OYkzovz7nzMWwtOPnMIf+B8/gBkI4+h</latexit>x



Homemade Hash Table
Let’s try this again on contains duplicate.

otherwise, add it to 
the front of the bucket    



Homemade Hash Table
Let’s try this again on contains duplicate.

if never found a 
duplicate, return false    



Efficiency
Let’s focus on the contains function of our homemade hash table.

<latexit sha1_base64="HSUkmRHoUDz485nMHEIU4X9rTRs=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKdbdXKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AH+ojMk=</latexit>

0
<latexit sha1_base64="j6ZxVeMthmNaWhTfkJ6ymnWYDz4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKda9XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AIEsjMo=</latexit>

1
<latexit sha1_base64="8ATjLfWsAF/zeuXywgKV4Y3skcA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1Su9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1fly/pFqXqfxZGHEziFc/DgGqpwBzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4KwjMs=</latexit>

2

<latexit sha1_base64="MCM3N0HUs/tElS6645WnqhlkOpI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAixchgnlAsoTZ2UkyZnZmmekVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuChPBDXret1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3Uz91hPThiv5gOOEBTEZSN7nlKCVml0aKTS9csWrejO4y8TPSQVy1Hvlr26kaBoziVQQYzq+l2CQEY2cCjYpdVPDEkJHZMA6lkoSMxNks2sn7olVIrevtC2J7kz9PZGR2JhxHNrOmODQLHpT8T+vk2L/Osi4TFJkks4X9VPhonKnr7sR14yiGFtCqOb2VpcOiSYUbUAlG4K/+PIyaZ5V/cvqxf15pXaXx1GEIziGU/DhCmpwC3VoAIVHeIZXeHOU8+K8Ox/z1oKTzxzCHzifP7Tmj0Q=</latexit>· · ·

<latexit sha1_base64="V9krfmIRrLae2SGwAOIRj7xZI5w=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbfB0DIuhBiGgSMVnD7GSSDJl9MNOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPd5UVSaLTtbyszN7+wuJRdzq2srq1v5De3ajqMFeNVFspQ3XlUcykCXkWBkt9FilPfk7zu9c9Gfv2RKy3C4BYHEXd92g1ERzCKRnpImojk5vL+fEgOSKmVL9hFewwyS5yUFCBFpZX/arZDFvs8QCap1g3HjtBNqELBJB/mmrHmEWV92uUNQwPqc+0m46uHZM8obdIJlakAyVj9PZFQX+uB75lOn2JPT3sj8T+vEWPn1E1EEMXIAzZZ1IklwZCMIiBtoThDOTCEMiXMrYT1qKIMTVA5E4Iz/fIsqZWKznHx6PqwUL5K48jCDuzCPjhwAmW4gApUgYGCZ3iFN+vJerHerY9Ja8ZKZ7bhD6zPH5l1kVE=</latexit>

SIZE� 2
<latexit sha1_base64="wTUtTMbP0QF7HMo1OM62KyNtVKI=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zEggh6EiGbBZAw9nU7SpGehu0YJQ/7DiwdFvPov3vwbO8kcNPFBweO9KqrqeZEUGm3728rMzS8sLmWXcyura+sb+c2tqg5jxXiFhTJUdY9qLkXAKyhQ8nqkOPU9yWte/3zk1x650iIM7nAQcden3UB0BKNopIekiUhur+4vhuSAOK18wS7aY5BZ4qSkACnKrfxXsx2y2OcBMkm1bjh2hG5CFQom+TDXjDWPKOvTLm8YGlCfazcZXz0ke0Zpk06oTAVIxurviYT6Wg98z3T6FHt62huJ/3mNGDtnbiKCKEYesMmiTiwJhmQUAWkLxRnKgSGUKWFuJaxHFWVogsqZEJzpl2dJ9bDonBSPb44Kpes0jizswC7sgwOnUIJLKEMFGCh4hld4s56sF+vd+pi0Zqx0Zhv+wPr8AZfxkVA=</latexit>

SIZE� 1

<latexit sha1_base64="R+og30abrhLWAqPehkNkIY5a4fA=">AAAB+nicbVDLSsNAFJ34rPWV6tJNsAh1UxLxtSy4cSNUsA9oQ5lMJ+3QyUyYuVFL7Ke4caGIW7/EnX/jpM1CWw8MHM65l3vmBDFnGlz321paXlldWy9sFDe3tnd27dJeU8tEEdogkkvVDrCmnAnaAAactmNFcRRw2gpGV5nfuqdKMynuYBxTP8IDwUJGMBipZ5fSLoBDpADMhJ5UHo97dtmtulM4i8TLSRnlqPfsr25fkiSiAgjHWnc8NwY/xQoY4XRS7CaaxpiM8IB2DBU4otpPp9EnzpFR+k4olXkiC2LU3xspjrQeR4GZjDAM9byXif95nQTCSz9lIk6ACjI7FCbcAelkPTh9pigBPjYEE8VMVocMscIETFtFU4I3/+VF0jypeufVs9vTcu0mr6OADtAhqiAPXaAaukZ11EAEPaBn9IrerCfrxXq3PmajS1a+s4/+wPr8ARURk+4=</latexit>

contains(x)

compute               in constant time.
<latexit sha1_base64="J2JdCB7+JRz3f+0Q9Ac+QdZkKC8=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiDES5gRt2PAS44RzALJEHo6PUmTnsXummAY8h1ePCji1Y/x5t/YSeagiQ8KHu9VUVXPi6XQaNvfVm5tfWNzK79d2Nnd2z8oHh41dZQoxhsskpFqe1RzKULeQIGSt2PFaeBJ3vJGdzO/NeZKiyh8wEnM3YAOQuELRtFIbtpFJEOqh9Py03mvWLIr9hxklTgZKUGGeq/41e1HLAl4iExSrTuOHaObUoWCST4tdBPNY8pGdMA7hoY04NpN50dPyZlR+sSPlKkQyVz9PZHSQOtJ4JnOgOJQL3sz8T+vk6B/66YijBPkIVss8hNJMCKzBEhfKM5QTgyhTAlzK2FDqihDk1PBhOAsv7xKmhcV57pydX9ZqtayOPJwAqdQBgduoAo1qEMDGDzCM7zCmzW2Xqx362PRmrOymWP4A+vzB1BWkdU=</latexit>

hash(x)Step 1:



Efficiency
Let’s focus on the contains function of our homemade hash table.

<latexit sha1_base64="HSUkmRHoUDz485nMHEIU4X9rTRs=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKdbdXKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AH+ojMk=</latexit>

0
<latexit sha1_base64="j6ZxVeMthmNaWhTfkJ6ymnWYDz4=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48SIkYB6QLGF20puMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKda9XKrsVdwayTLyclCFHrVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42O3RCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQlv/IzLJDUo2XxRmApiYjL9mvS5QmbE2BLKFLe3EjakijJjsynaELzFl5dJ87ziXVUu6xfl6n0eRwGO4QTOwINrqMId1KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AIEsjMo=</latexit>

1
<latexit sha1_base64="8ATjLfWsAF/zeuXywgKV4Y3skcA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup35rSdUmsfywYwT9CM6kDzkjBor1Su9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe1fly/pFqXqfxZGHEziFc/DgGqpwBzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH4KwjMs=</latexit>

2

<latexit sha1_base64="MCM3N0HUs/tElS6645WnqhlkOpI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PAixchgnlAsoTZ2UkyZnZmmekVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuChPBDXret1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5ZAzkK1k40I3EoWCsc3Uz91hPThiv5gOOEBTEZSN7nlKCVml0aKTS9csWrejO4y8TPSQVy1Hvlr26kaBoziVQQYzq+l2CQEY2cCjYpdVPDEkJHZMA6lkoSMxNks2sn7olVIrevtC2J7kz9PZGR2JhxHNrOmODQLHpT8T+vk2L/Osi4TFJkks4X9VPhonKnr7sR14yiGFtCqOb2VpcOiSYUbUAlG4K/+PIyaZ5V/cvqxf15pXaXx1GEIziGU/DhCmpwC3VoAIVHeIZXeHOU8+K8Ox/z1oKTzxzCHzifP7Tmj0Q=</latexit>· · ·

<latexit sha1_base64="V9krfmIRrLae2SGwAOIRj7xZI5w=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbfB0DIuhBiGgSMVnD7GSSDJl9MNOrhCX/4cWDIl79F2/+jZNkD5pY0FBUddPd5UVSaLTtbyszN7+wuJRdzq2srq1v5De3ajqMFeNVFspQ3XlUcykCXkWBkt9FilPfk7zu9c9Gfv2RKy3C4BYHEXd92g1ERzCKRnpImojk5vL+fEgOSKmVL9hFewwyS5yUFCBFpZX/arZDFvs8QCap1g3HjtBNqELBJB/mmrHmEWV92uUNQwPqc+0m46uHZM8obdIJlakAyVj9PZFQX+uB75lOn2JPT3sj8T+vEWPn1E1EEMXIAzZZ1IklwZCMIiBtoThDOTCEMiXMrYT1qKIMTVA5E4Iz/fIsqZWKznHx6PqwUL5K48jCDuzCPjhwAmW4gApUgYGCZ3iFN+vJerHerY9Ja8ZKZ7bhD6zPH5l1kVE=</latexit>

SIZE� 2
<latexit sha1_base64="wTUtTMbP0QF7HMo1OM62KyNtVKI=">AAAB9XicbVDJSgNBEK2JW4xb1KOXxiB4McyI2zEggh6EiGbBZAw9nU7SpGehu0YJQ/7DiwdFvPov3vwbO8kcNPFBweO9KqrqeZEUGm3728rMzS8sLmWXcyura+sb+c2tqg5jxXiFhTJUdY9qLkXAKyhQ8nqkOPU9yWte/3zk1x650iIM7nAQcden3UB0BKNopIekiUhur+4vhuSAOK18wS7aY5BZ4qSkACnKrfxXsx2y2OcBMkm1bjh2hG5CFQom+TDXjDWPKOvTLm8YGlCfazcZXz0ke0Zpk06oTAVIxurviYT6Wg98z3T6FHt62huJ/3mNGDtnbiKCKEYesMmiTiwJhmQUAWkLxRnKgSGUKWFuJaxHFWVogsqZEJzpl2dJ9bDonBSPb44Kpes0jizswC7sgwOnUIJLKEMFGCh4hld4s56sF+vd+pi0Zqx0Zhv+wPr8AZfxkVA=</latexit>

SIZE� 1

<latexit sha1_base64="R+og30abrhLWAqPehkNkIY5a4fA=">AAAB+nicbVDLSsNAFJ34rPWV6tJNsAh1UxLxtSy4cSNUsA9oQ5lMJ+3QyUyYuVFL7Ke4caGIW7/EnX/jpM1CWw8MHM65l3vmBDFnGlz321paXlldWy9sFDe3tnd27dJeU8tEEdogkkvVDrCmnAnaAAactmNFcRRw2gpGV5nfuqdKMynuYBxTP8IDwUJGMBipZ5fSLoBDpADMhJ5UHo97dtmtulM4i8TLSRnlqPfsr25fkiSiAgjHWnc8NwY/xQoY4XRS7CaaxpiM8IB2DBU4otpPp9EnzpFR+k4olXkiC2LU3xspjrQeR4GZjDAM9byXif95nQTCSz9lIk6ACjI7FCbcAelkPTh9pigBPjYEE8VMVocMscIETFtFU4I3/+VF0jypeufVs9vTcu0mr6OADtAhqiAPXaAaukZ11EAEPaBn9IrerCfrxXq3PmajS1a+s4/+wPr8ARURk+4=</latexit>

contains(x)

linear search through elements stored
at the bucket.

Step 2:

time proportional to size of the 
bucket.



Efficiency
The complexity of contains is proportional to how many elements are stored in a bucket.

This is why we want a hash function which evenly distributes the data across the buckets.

In the worst-case, all the inputs are mapped to the same bucket!  Then our hash table 
degrades to a deque and contains takes worst-case time           .

<latexit sha1_base64="EEeJpCFRvJM7GEhx8hxik30FlYo=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PAS44R8pJkCbOTSTJkdnaZ6RXCkq/w4kERr36ON//GSbIHTSxoKKq66e4KYikMuu63s7a+sbm1ndvJ7+7tHxwWjo6bJko04w0WyUi3A2q4FIo3UKDk7VhzGgaSt4Lx/cxvPXFtRKTqOIm5H9KhEgPBKFrpsVsfcaQlddErFN2yOwdZJV5GipCh1it8dfsRS0KukElqTMdzY/RTqlEwyaf5bmJ4TNmYDnnHUkVDbvx0fvCUnFulTwaRtqWQzNXfEykNjZmEge0MKY7MsjcT//M6CQ7u/FSoOEGu2GLRIJEEIzL7nvSF5gzlxBLKtLC3EjaimjK0GeVtCN7yy6ukeVn2bsrXD1fFSjWLIwencAYl8OAWKlCFGjSAQQjP8ApvjnZenHfnY9G65mQzJ/AHzucPECOP9Q==</latexit>

⇥(n)

To argue a hash table has good performance we need to make some assumption about the 
inputs.



Simple Uniform Hashing

Simple Uniform Hashing (SUH):  Any given element is equally likely to hash to any of 
the           buckets.

This is true under modular hashing when the elements are random non-negative integers.

<latexit sha1_base64="fALH81A6vxacSM/E1HHweOySnvw=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgyIEG8RzUIWQk+nkzTp6Rm6a4Qw5C+8eFDEq3/jzb+xk8xBEx8UPN6roqqeH0lh0HW/nczK6tr6RnYzt7W9s7uX3z+omTDWjFdZKEPd8KnhUiheRYGSNyLNaeBLXvdHN1O//sS1EaF6xHHEOwEdKNEXjKKVmkkbkTzcNW8n3XzBLbozkGXipaQAKSrd/Fe7F7I44AqZpMa0PDfCTkI1Cib5JNeODY8oG9EBb1mqaMBNJ5ldPCEnVumRfqhtKSQz9fdEQgNjxoFvOwOKQ7PoTcX/vFaM/etOIlQUI1dsvqgfS4Ihmb5PekJzhnJsCWVa2FsJG1JNGdqQcjYEb/HlZVI7K3qXxYv780KpnMaRhSM4hlPw4ApKUIYKVIGBgmd4hTfHOC/Ou/Mxb8046cwh/IHz+QMDz5CF</latexit>

SIZE

With a constant load factor, under SUH the average time taken by contains is constant.

With SUH, after inserting     elements, the expected size of each bucket is              .<latexit sha1_base64="T7nU6A9+zgeKYMmsXQiHFVjfdRk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx4yTEB84BkCbOT3mTM7OwyMyuEJV/gxYMiXv0kb/6Nk2QPmljQUFR1090VJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzzMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4p3U7luXJWrtTyOApzCGVyAB7dQhRrUoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A3B+NAg==</latexit>n
<latexit sha1_base64="6sl2qAxgLd1FHxPugiF2EA8fPno=">AAAB83icbVDJSgNBEK2JW4xb1KOXxiB4ijPidgyIEG8RzYKZEHo6naRJT8/QXSOEIb/hxYMiXv0Zb/6NneWgiQ8KHu9VUVUviKUw6LrfTmZpeWV1Lbue29jc2t7J7+7VTJRoxqsskpFuBNRwKRSvokDJG7HmNAwkrweD67Fff+LaiEg94DDmrZD2lOgKRtFKvjpJfURyf/t4M2rnC27RnYAsEm9GCjBDpZ3/8jsRS0KukElqTNNzY2ylVKNgko9yfmJ4TNmA9njTUkVDblrp5OYRObJKh3QjbUshmai/J1IaGjMMA9sZUuybeW8s/uc1E+xetVKh4gS5YtNF3UQSjMg4ANIRmjOUQ0so08LeSlifasrQxpSzIXjzLy+S2mnRuyie350VSuVZHFk4gEM4Bg8uoQRlqEAVGMTwDK/w5iTOi/PufExbM85sZh/+wPn8AUJQkTY=</latexit>

n/SIZE



Insertion
There are several additional considerations that go into the running time of hash table 
insertion.

• Is the hash table of fixed size or is it dynamically resized?

To dynamically resize we can use an array doubling technique.

Then we can only hope to get constant amortized insertion time.

• Do we search for the element before inserting?

We may want to so that we do not have duplicate elements, or to keep 
records with equal keys grouped together.

In a fixed-size hash table that does not search before insertion we can achieve worst-case
constant time insertion.



Hash Table in C++
Finally, let’s see how to solve contains duplicate using a hash table in the standard library.

We can use                                    in the library                                 .
<latexit sha1_base64="Ovs2Cy7aspKcXZdvAoAvuNkG8HM=">AAACAnicbVDJSgNBEO2JW4xb1JN4aQyCpzAjbuQU8JJjBLNAEkJPTyVp0tMzdNcIYQhe/BUvHhTx6ld482/sLAdNfFDweK+Kqnp+LIVB1/12Miura+sb2c3c1vbO7l5+/6BuokRzqPFIRrrpMwNSKKihQAnNWAMLfQkNf3g78RsPoI2I1D2OYuiErK9ET3CGVurmj9I2IjUYlEqJinQAGoJ21wCOu/mCW3SnoMvEm5MCmaPazX+1g4gnISjkkhnT8twYOynTKLiEca6dGIgZH7I+tCxVLATTSacvjOmpVQLai7QthXSq/p5IWWjMKPRtZ8hwYBa9ifif10qwd9NJhYoTBMVni3qJpBjRSR40EBo4ypEljGthb6V8wDTjaFPL2RC8xZeXSf286F0VL+8uCuXKPI4sOSYn5Ix45JqUSYVUSY1w8kieySt5c56cF+fd+Zi1Zpz5zCH5A+fzB6HXl58=</latexit>

std :: unordered set
<latexit sha1_base64="XncnwxjSnbDT+nqIeOr0PQ8LD0M=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEInsKMuB1EAl5yjGAWSELo6akkTXp6hu4aIYw5+CtePCji1d/w5t/YWQ6a+KDg8V4VVfX8WAqDrvvtZJaWV1bXsuu5jc2t7Z387l7NRInmUOWRjHTDZwakUFBFgRIasQYW+hLq/uB27NcfQBsRqXscxtAOWU+JruAMrdTJH6QtRHqdqEgHoCFodQzgzaiTL7hFdwK6SLwZKZAZKp38VyuIeBKCQi6ZMU3PjbGdMo2CSxjlWomBmPEB60HTUsVCMO10cv+IHlsloN1I21JIJ+rviZSFxgxD33aGDPtm3huL/3nNBLtX7VSoOEFQfLqom0iKER2HQQOhgaMcWsK4FvZWyvtMM442spwNwZt/eZHUToveRfH87qxQKs/iyJJDckROiEcuSYmUSYVUCSeP5Jm8kjfnyXlx3p2PaWvGmc3skz9wPn8AK22WPA==</latexit>

< unordered set >

This maintains a set of unique keys—if you try to insert the same key again nothing happens.

Godbolt Link

https://godbolt.org/z/Mj3MzfrTs


Hash Tables in C++
Hash tables in C++ are required by the standard to store elements in buckets, and that 
elements that hash to the same value are kept in the same bucket.

This essentially describes a separate chaining implementation.

In                                    of contains and erase take average case constant time, and insert 
takes amortized average case constant time, under the input assumption mentioned earlier.

<latexit sha1_base64="Ovs2Cy7aspKcXZdvAoAvuNkG8HM=">AAACAnicbVDJSgNBEO2JW4xb1JN4aQyCpzAjbuQU8JJjBLNAEkJPTyVp0tMzdNcIYQhe/BUvHhTx6ld482/sLAdNfFDweK+Kqnp+LIVB1/12Miura+sb2c3c1vbO7l5+/6BuokRzqPFIRrrpMwNSKKihQAnNWAMLfQkNf3g78RsPoI2I1D2OYuiErK9ET3CGVurmj9I2IjUYlEqJinQAGoJ21wCOu/mCW3SnoMvEm5MCmaPazX+1g4gnISjkkhnT8twYOynTKLiEca6dGIgZH7I+tCxVLATTSacvjOmpVQLai7QthXSq/p5IWWjMKPRtZ8hwYBa9ifif10qwd9NJhYoTBMVni3qJpBjRSR40EBo4ypEljGthb6V8wDTjaFPL2RC8xZeXSf286F0VL+8uCuXKPI4sOSYn5Ix45JqUSYVUSY1w8kieySt5c56cF+fd+Zi1Zpz5zCH5A+fzB6HXl58=</latexit>

std :: unordered set

They have worst-case running time         .
<latexit sha1_base64="EEeJpCFRvJM7GEhx8hxik30FlYo=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PAS44R8pJkCbOTSTJkdnaZ6RXCkq/w4kERr36ON//GSbIHTSxoKKq66e4KYikMuu63s7a+sbm1ndvJ7+7tHxwWjo6bJko04w0WyUi3A2q4FIo3UKDk7VhzGgaSt4Lx/cxvPXFtRKTqOIm5H9KhEgPBKFrpsVsfcaQlddErFN2yOwdZJV5GipCh1it8dfsRS0KukElqTMdzY/RTqlEwyaf5bmJ4TNmYDnnHUkVDbvx0fvCUnFulTwaRtqWQzNXfEykNjZmEge0MKY7MsjcT//M6CQ7u/FSoOEGu2GLRIJEEIzL7nvSF5gzlxBLKtLC3EjaimjK0GeVtCN7yy6ukeVn2bsrXD1fFSjWLIwencAYl8OAWKlCFGjSAQQjP8ApvjnZenHfnY9G65mQzJ/AHzucPECOP9Q==</latexit>

⇥(n)

cppreference

https://en.cppreference.com/w/cpp/container/unordered_set


Valid Parentheses



Valid Parentheses
Leetcode 20 (easy, Blind75) Valid Parentheses:

Given a string over the 6 characters ()[]{}, determine if it is a valid 
parenthesization.

((){[]}) valid

}()[] invalid: first closing } has no partner

{[}] invalid: closing } is matched by [

Examples:
(){} valid



Valid Parentheses
Leetcode 20 (easy, Blind75) Valid Parentheses:

Given a string over the 6 characters ()[]{}, determine if it is a valid 
parenthesization.

Formal definition:

The empty string is valid.

If     is valid then                     are valid.s
<latexit sha1_base64="BvFiSgoufz5M7QdhWB49tae6Kjc=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmHlSqbs2dg6wSryBVKNAYVL76w5ilEUrDBNW657mJ8TOqDGcCZ+V+qjGhbEJH2LNU0gi1n80PnZFzqwxJGCtb0pC5+nMio5HW0yiwnRE1Y73s5eJ/Xr5R/2X2UhPe+BmXSWpQssUVYSqIiUkeCRlyhcyIqSWUKW4fIWxMFWXGBle2CXnLeayS9mXNc2te86pabxRZleAUzuACPLiGOtxBA1rAAOEJnuHFeXRenTfnfdG65hQzJ/ALzsc3cImY9w==</latexit><latexit sha1_base64="BvFiSgoufz5M7QdhWB49tae6Kjc=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmHlSqbs2dg6wSryBVKNAYVL76w5ilEUrDBNW657mJ8TOqDGcCZ+V+qjGhbEJH2LNU0gi1n80PnZFzqwxJGCtb0pC5+nMio5HW0yiwnRE1Y73s5eJ/Xr5R/2X2UhPe+BmXSWpQssUVYSqIiUkeCRlyhcyIqSWUKW4fIWxMFWXGBle2CXnLeayS9mXNc2te86pabxRZleAUzuACPLiGOtxBA1rAAOEJnuHFeXRenTfnfdG65hQzJ/ALzsc3cImY9w==</latexit><latexit sha1_base64="BvFiSgoufz5M7QdhWB49tae6Kjc=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmHlSqbs2dg6wSryBVKNAYVL76w5ilEUrDBNW657mJ8TOqDGcCZ+V+qjGhbEJH2LNU0gi1n80PnZFzqwxJGCtb0pC5+nMio5HW0yiwnRE1Y73s5eJ/Xr5R/2X2UhPe+BmXSWpQssUVYSqIiUkeCRlyhcyIqSWUKW4fIWxMFWXGBle2CXnLeayS9mXNc2te86pabxRZleAUzuACPLiGOtxBA1rAAOEJnuHFeXRenTfnfdG65hQzJ/ALzsc3cImY9w==</latexit><latexit sha1_base64="BvFiSgoufz5M7QdhWB49tae6Kjc=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmHlSqbs2dg6wSryBVKNAYVL76w5ilEUrDBNW657mJ8TOqDGcCZ+V+qjGhbEJH2LNU0gi1n80PnZFzqwxJGCtb0pC5+nMio5HW0yiwnRE1Y73s5eJ/Xr5R/2X2UhPe+BmXSWpQssUVYSqIiUkeCRlyhcyIqSWUKW4fIWxMFWXGBle2CXnLeayS9mXNc2te86pabxRZleAUzuACPLiGOtxBA1rAAOEJnuHFeXRenTfnfdG65hQzJ/ALzsc3cImY9w==</latexit> (s), [s], {s}

<latexit sha1_base64="vum9z5PDhg/R2c73Ef0CmCeCTNM=">AAACFXicdVDLSsNAFL3xWeujUZduBotQoZREBF0W3LisYB+QhjKZTtqhk0mYmQgl9DtcuNXPcCduXfsV/oKTNgtt9cCFwzn3Xu49QcKZ0o7zaa2tb2xubZd2yrt7+wcV+/Coo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcpP73QcqFYvFvZ4m1I/wSLCQEayNNLArNXVeR57y66ifqf5sYFedhjMHWiVuQapQoDWwv/rDmKQRFZpwrJTnOon2Myw1I5zOyv1U0QSTCR5Rz1CBI6r8bH74DJ0ZZYjCWJoSGs3VnxMZjpSaRoHpjLAeq2UvF//z8o3qL9NLdXjtZ0wkqaaCLK4IU450jPKI0JBJSjSfGoKJZOYRRMZYYqJNkGWTkLucxyrpXDRcp+HeXVabrSKrEpzAKdTAhStowi20oA0EUniCZ3ixHq1X6816X7SuWcXMMfyC9fEN7Nud6w==</latexit><latexit sha1_base64="vum9z5PDhg/R2c73Ef0CmCeCTNM=">AAACFXicdVDLSsNAFL3xWeujUZduBotQoZREBF0W3LisYB+QhjKZTtqhk0mYmQgl9DtcuNXPcCduXfsV/oKTNgtt9cCFwzn3Xu49QcKZ0o7zaa2tb2xubZd2yrt7+wcV+/Coo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcpP73QcqFYvFvZ4m1I/wSLCQEayNNLArNXVeR57y66ifqf5sYFedhjMHWiVuQapQoDWwv/rDmKQRFZpwrJTnOon2Myw1I5zOyv1U0QSTCR5Rz1CBI6r8bH74DJ0ZZYjCWJoSGs3VnxMZjpSaRoHpjLAeq2UvF//z8o3qL9NLdXjtZ0wkqaaCLK4IU450jPKI0JBJSjSfGoKJZOYRRMZYYqJNkGWTkLucxyrpXDRcp+HeXVabrSKrEpzAKdTAhStowi20oA0EUniCZ3ixHq1X6816X7SuWcXMMfyC9fEN7Nud6w==</latexit><latexit sha1_base64="vum9z5PDhg/R2c73Ef0CmCeCTNM=">AAACFXicdVDLSsNAFL3xWeujUZduBotQoZREBF0W3LisYB+QhjKZTtqhk0mYmQgl9DtcuNXPcCduXfsV/oKTNgtt9cCFwzn3Xu49QcKZ0o7zaa2tb2xubZd2yrt7+wcV+/Coo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcpP73QcqFYvFvZ4m1I/wSLCQEayNNLArNXVeR57y66ifqf5sYFedhjMHWiVuQapQoDWwv/rDmKQRFZpwrJTnOon2Myw1I5zOyv1U0QSTCR5Rz1CBI6r8bH74DJ0ZZYjCWJoSGs3VnxMZjpSaRoHpjLAeq2UvF//z8o3qL9NLdXjtZ0wkqaaCLK4IU450jPKI0JBJSjSfGoKJZOYRRMZYYqJNkGWTkLucxyrpXDRcp+HeXVabrSKrEpzAKdTAhStowi20oA0EUniCZ3ixHq1X6816X7SuWcXMMfyC9fEN7Nud6w==</latexit><latexit sha1_base64="vum9z5PDhg/R2c73Ef0CmCeCTNM=">AAACFXicdVDLSsNAFL3xWeujUZduBotQoZREBF0W3LisYB+QhjKZTtqhk0mYmQgl9DtcuNXPcCduXfsV/oKTNgtt9cCFwzn3Xu49QcKZ0o7zaa2tb2xubZd2yrt7+wcV+/Coo+JUEtomMY9lL8CKciZoWzPNaS+RFEcBp91gcpP73QcqFYvFvZ4m1I/wSLCQEayNNLArNXVeR57y66ifqf5sYFedhjMHWiVuQapQoDWwv/rDmKQRFZpwrJTnOon2Myw1I5zOyv1U0QSTCR5Rz1CBI6r8bH74DJ0ZZYjCWJoSGs3VnxMZjpSaRoHpjLAeq2UvF//z8o3qL9NLdXjtZ0wkqaaCLK4IU450jPKI0JBJSjSfGoKJZOYRRMZYYqJNkGWTkLucxyrpXDRcp+HeXVabrSKrEpzAKdTAhStowi20oA0EUniCZ3ixHq1X6816X7SuWcXMMfyC9fEN7Nud6w==</latexit>

If        are valid then the concatenation       is valid.s, t
<latexit sha1_base64="58YSb7X53G5OSmo+sqIc2KRi1yY=">AAACB3icdVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoMePEY0TwgWcLsZDYZMju7zPQKIeQDPHjVz/AmXv0Mv8JfcDbZgyZa0FBUdTfdFSRSGHTdT6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0XXmtx64NiJW9zhOuB/RgRKhYBStdGfOsFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248SezU6fkxCp9EsbalkIyU39OTGhkzDgKbGdEcWgWvUz8z8s2mr/MTorhlT8RKkmRKza/IkwlwZhkoZC+0JyhHFtCmRb2EcKGVFOGNrqSTchbzGOZNM+rnlv1bi8qtXqeVRGO4BhOwYNLqMEN1KEBDAbwBM/w4jw6r86b8z5vLTj5zCH8gvPxDcBOmas=</latexit><latexit sha1_base64="58YSb7X53G5OSmo+sqIc2KRi1yY=">AAACB3icdVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoMePEY0TwgWcLsZDYZMju7zPQKIeQDPHjVz/AmXv0Mv8JfcDbZgyZa0FBUdTfdFSRSGHTdT6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0XXmtx64NiJW9zhOuB/RgRKhYBStdGfOsFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248SezU6fkxCp9EsbalkIyU39OTGhkzDgKbGdEcWgWvUz8z8s2mr/MTorhlT8RKkmRKza/IkwlwZhkoZC+0JyhHFtCmRb2EcKGVFOGNrqSTchbzGOZNM+rnlv1bi8qtXqeVRGO4BhOwYNLqMEN1KEBDAbwBM/w4jw6r86b8z5vLTj5zCH8gvPxDcBOmas=</latexit><latexit sha1_base64="58YSb7X53G5OSmo+sqIc2KRi1yY=">AAACB3icdVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoMePEY0TwgWcLsZDYZMju7zPQKIeQDPHjVz/AmXv0Mv8JfcDbZgyZa0FBUdTfdFSRSGHTdT6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0XXmtx64NiJW9zhOuB/RgRKhYBStdGfOsFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248SezU6fkxCp9EsbalkIyU39OTGhkzDgKbGdEcWgWvUz8z8s2mr/MTorhlT8RKkmRKza/IkwlwZhkoZC+0JyhHFtCmRb2EcKGVFOGNrqSTchbzGOZNM+rnlv1bi8qtXqeVRGO4BhOwYNLqMEN1KEBDAbwBM/w4jw6r86b8z5vLTj5zCH8gvPxDcBOmas=</latexit><latexit sha1_base64="58YSb7X53G5OSmo+sqIc2KRi1yY=">AAACB3icdVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoMePEY0TwgWcLsZDYZMju7zPQKIeQDPHjVz/AmXv0Mv8JfcDbZgyZa0FBUdTfdFSRSGHTdT6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0XXmtx64NiJW9zhOuB/RgRKhYBStdGfOsFeuuFV3BrJMvJxUIEe9V/7q9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248SezU6fkxCp9EsbalkIyU39OTGhkzDgKbGdEcWgWvUz8z8s2mr/MTorhlT8RKkmRKza/IkwlwZhkoZC+0JyhHFtCmRb2EcKGVFOGNrqSTchbzGOZNM+rnlv1bi8qtXqeVRGO4BhOwYNLqMEN1KEBDAbwBM/w4jw6r86b8z5vLTj5zCH8gvPxDcBOmas=</latexit>

st
<latexit sha1_base64="A/MAqc4RCkw3t936jFpwizcZtnA=">AAACBnicdVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cqthXaUDbbTbt0swm7E6GE3j141Z/hTbz6N/wV/gU3bQ7a6oOBx3szw8wLEikMuu6nU1pZXVvfKG9WtrZ3dveq+wdtE6ea8RaLZazvA2q4FIq3UKDk94nmNAok7wTjq9zvPHBtRKzucJJwP6JDJULBKFrp1mC/WnPr7gxkmXgFqUGBZr/61RvELI24QiapMV3PTdDPqEbBJJ9WeqnhCWVjOuRdSxWNuPGz2aVTcmKVAQljbUshmak/JzIaGTOJAtsZURyZRS8X//PyjeYvs5tieOlnQiUpcsXmV4SpJBiTPBMyEJozlBNLKNPCPkLYiGrK0CZXsQl5i3ksk/ZZ3XPr3s15rdEssirDERzDKXhwAQ24hia0gEEIT/AML86j8+q8Oe/z1pJTzBzCLzgf31MAmXU=</latexit><latexit sha1_base64="A/MAqc4RCkw3t936jFpwizcZtnA=">AAACBnicdVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cqthXaUDbbTbt0swm7E6GE3j141Z/hTbz6N/wV/gU3bQ7a6oOBx3szw8wLEikMuu6nU1pZXVvfKG9WtrZ3dveq+wdtE6ea8RaLZazvA2q4FIq3UKDk94nmNAok7wTjq9zvPHBtRKzucJJwP6JDJULBKFrp1mC/WnPr7gxkmXgFqUGBZr/61RvELI24QiapMV3PTdDPqEbBJJ9WeqnhCWVjOuRdSxWNuPGz2aVTcmKVAQljbUshmak/JzIaGTOJAtsZURyZRS8X//PyjeYvs5tieOlnQiUpcsXmV4SpJBiTPBMyEJozlBNLKNPCPkLYiGrK0CZXsQl5i3ksk/ZZ3XPr3s15rdEssirDERzDKXhwAQ24hia0gEEIT/AML86j8+q8Oe/z1pJTzBzCLzgf31MAmXU=</latexit><latexit sha1_base64="A/MAqc4RCkw3t936jFpwizcZtnA=">AAACBnicdVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cqthXaUDbbTbt0swm7E6GE3j141Z/hTbz6N/wV/gU3bQ7a6oOBx3szw8wLEikMuu6nU1pZXVvfKG9WtrZ3dveq+wdtE6ea8RaLZazvA2q4FIq3UKDk94nmNAok7wTjq9zvPHBtRKzucJJwP6JDJULBKFrp1mC/WnPr7gxkmXgFqUGBZr/61RvELI24QiapMV3PTdDPqEbBJJ9WeqnhCWVjOuRdSxWNuPGz2aVTcmKVAQljbUshmak/JzIaGTOJAtsZURyZRS8X//PyjeYvs5tieOlnQiUpcsXmV4SpJBiTPBMyEJozlBNLKNPCPkLYiGrK0CZXsQl5i3ksk/ZZ3XPr3s15rdEssirDERzDKXhwAQ24hia0gEEIT/AML86j8+q8Oe/z1pJTzBzCLzgf31MAmXU=</latexit><latexit sha1_base64="A/MAqc4RCkw3t936jFpwizcZtnA=">AAACBnicdVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPBi8cqthXaUDbbTbt0swm7E6GE3j141Z/hTbz6N/wV/gU3bQ7a6oOBx3szw8wLEikMuu6nU1pZXVvfKG9WtrZ3dveq+wdtE6ea8RaLZazvA2q4FIq3UKDk94nmNAok7wTjq9zvPHBtRKzucJJwP6JDJULBKFrp1mC/WnPr7gxkmXgFqUGBZr/61RvELI24QiapMV3PTdDPqEbBJJ9WeqnhCWVjOuRdSxWNuPGz2aVTcmKVAQljbUshmak/JzIaGTOJAtsZURyZRS8X//PyjeYvs5tieOlnQiUpcsXmV4SpJBiTPBMyEJozlBNLKNPCPkLYiGrK0CZXsQl5i3ksk/ZZ3XPr3s15rdEssirDERzDKXhwAQ24hia0gEEIT/AML86j8+q8Oe/z1pJTzBzCLzgf31MAmXU=</latexit>



Key Idea
Once we find a valid substring, we can remove it from the string.  The original 
is valid if and only if the remainder is.

Examples:

((){[]})

valid

(())

still valid

[({[]})}

invalid still invalid

[()}



Easy Valid Substrings
The easiest valid substrings to find are an opening symbol followed by a 
closing symbol of the same type.

Examples: ()

If an opening symbol is followed by a closing symbol of a different type, 
we immediately know the string is invalid.

{} [ ]

Example:  A valid string cannot contain the substring  (}



First Algorithm

Go through the string looking for an opening symbol immediately 
followed by a closing symbol.

This suggests a first algorithm:

Repeat until the string is empty.  If you end up with the empty string, 
return valid.

If they match, remove them.  If they don’t match, return invalid.



Example

((){[]})
First pass:



Example

((){[]})
First pass:

({[]})



Example

({[]})
First pass:

({})



Example

Second pass: ({})

()



Example

Third pass:
()

empty string

We have reached the empty string, so we return valid.



Efficiency

(((((((())))))))

This algorithm can be slow!

On a valid string like this of size      we have to make           passes.<latexit sha1_base64="YFWXz0j4b/XuDlkcdePaNqCy2yo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUkP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjrZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1XvunrVuKzU6nkcRTiBUzgHD26gBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB3oeNCg==</latexit>n
<latexit sha1_base64="vCNyfauW0TNDTyGfyzxcocZ8Xps=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8xd3g6xjw4jGieUCyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9yPNqr1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVIT3vgZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk2a14l1VLu8vyrV6HkcBjuEEzsCDa6jBHdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gC8b41/</latexit>

n/2

Maybe if we remember some information along the way, we don’t have 
to start back at the beginning after each pass?



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

((){[]})Example:

(

Read Symbol: (



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

((){[]})Example:

(
(

Read Symbol: (



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

((){[]})Example:

(
(

Read Symbol: )
matches the most recent
opener.



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

((){[]})Example:

(
(

Read Symbol: )
({[]})

Remove matched pair from the string.

in the new string, this is the most recent opener.



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

Example:

(

({[]})

in the new string, this is the most recent opener.

Read Symbol: {



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

Example:

(

({[]})

most recent opener

Read Symbol: {
{



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

Example:

(

({[]})

most recent opener

Read Symbol: 

{
[



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

Example:

(

({[]})
most recent 

opener Read Symbol: 

{
[[



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

Example:

(

({[]})
most recent 

opener Read Symbol: 

{
[ ]

Closing symbol.  Does it match most recent opener?



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

Example:

(

({[]})
most recent 

opener Read Symbol: 

{
[ ]

Removing matching pair.

({})



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

Example:

(

most recent opener 
in new string{

({})
Read Symbol: }

Closing symbol: does it match most recent opener?



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

Example:

( most recent opener 
in new string

{

({}) ()
Read Symbol: }



Remember the openers
Goal: Remember the most recent opening symbol we have seen dynamically,
as we modify the string by removing matching pairs.

Example:

( most recent opener 
in new string

()
Read Symbol: )

empty string!



Summary
We keep at data structure with the most recent opening symbol we have
seen at the top.

For each closing symbol we read, we check if it matches the top opening 
symbol.

If not then we return invalid.

If so, then we remove the top opening symbol from the data structure.

The new top symbol is the most recent opening symbol read in the 
new string after removing the matched pair.



Summary
We keep at data structure with the most recent opening symbol we have
seen at the top.

For each closing symbol we read, we check if it matches the top opening 
symbol.

If not then we return invalid.

If so, then we remove the top opening symbol from the data structure.

If after processing the last symbol in the string the data structure is empty 
we return valid.



Efficiency
This algorithm just makes one pass through the input: the running time 
is           .

<latexit sha1_base64="IbY2M7QylhPyF6zrAH2U9xc5ZPA=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB0DXjxGyEuSJcxOepMhs7PLTK8QQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSKQw6LrfTm5tfWNzK79d2Nnd2z8oHh41TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYzuZn7rCbQRsarjOAE/YgMlQsEZWumxWx8CsrI67xVLbsWdg64SLyMlkqHWK351+zFPI1DIJTOm47kJ+hOmUXAJ00I3NZAwPmID6FiqWATGn8wPntIzq/RpGGtbCulc/T0xYZEx4yiwnRHDoVn2ZuJ/XifF8NafCJWkCIovFoWppBjT2fe0LzRwlGNLGNfC3kr5kGnG0WZUsCF4yy+vkuZFxbuuXD1clqq1LI48OSGnpEw8ckOq5J7USINwEpFn8kreHO28OO/Ox6I152Qzx+QPnM8fEouP/Q==</latexit>

⇥(n)

(((((((())))))))

On an input like this of size      we have to remember         symbols.

The worst-case memory use is            as well.

<latexit sha1_base64="YFWXz0j4b/XuDlkcdePaNqCy2yo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUkP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjrZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1XvunrVuKzU6nkcRTiBUzgHD26gBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB3oeNCg==</latexit>n
<latexit sha1_base64="vCNyfauW0TNDTyGfyzxcocZ8Xps=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8xd3g6xjw4jGieUCyhNlJbzJkdnaZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LRjBP0IzqQPOSMGis9yPNqr1R2K+4MZJl4OSlDjnqv9NXtxyyNUBomqNYdz02Mn1FlOBM4KXZTjQllIzrAjqWSRqj9bHbqhJxapU/CWNmShszU3xMZjbQeR4HtjKgZ6kVvKv7ndVIT3vgZl0lqULL5ojAVxMRk+jfpc4XMiLEllClubyVsSBVlxqZTtCF4iy8vk2a14l1VLu8vyrV6HkcBjuEEzsCDa6jBHdShAQwG8Ayv8OYI58V5dz7mrStOPnMEf+B8/gC8b41/</latexit>

n/2

<latexit sha1_base64="IbY2M7QylhPyF6zrAH2U9xc5ZPA=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB0DXjxGyEuSJcxOepMhs7PLTK8QQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSKQw6LrfTm5tfWNzK79d2Nnd2z8oHh41TZxqDg0ey1i3A2ZACgUNFCihnWhgUSChFYzuZn7rCbQRsarjOAE/YgMlQsEZWumxWx8CsrI67xVLbsWdg64SLyMlkqHWK351+zFPI1DIJTOm47kJ+hOmUXAJ00I3NZAwPmID6FiqWATGn8wPntIzq/RpGGtbCulc/T0xYZEx4yiwnRHDoVn2ZuJ/XifF8NafCJWkCIovFoWppBjT2fe0LzRwlGNLGNfC3kr5kGnG0WZUsCF4yy+vkuZFxbuuXD1clqq1LI48OSGnpEw8ckOq5J7USINwEpFn8kreHO28OO/Ox6I152Qzx+QPnM8fEouP/Q==</latexit>

⇥(n)



Abstract Data Type

What operations did we need to perform for this algorithm to work?

We wanted to add items to our collection of values and keep the most 
recently added item on top.

We wanted to check the value of the top item.

We wanted to remove the top item.  Then the second most recently added 
item became the top item.

This ADT is called a stack!



Stack



Stack ADT
Creates an empty stack

Add     to     .x
<latexit sha1_base64="HjiKajmQSOKJRxWP8GozjAn7z8Q=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48JmAckIcxOepMhs7PLzKwYlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N93lx4Jr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1fKpRcIlNw43ATqyQhr7Atj+5yfz2PSrNI3lnpjH2QzqSPOCMGis1Hgblilt15yCrxMtJBXLUB+Wv3jBiSYjSMEG17npubPopVYYzgbNSL9EYUzahI+xaKmmIup/OD52RM6sMSRApW9KQufpzIqWh1tPQt50hNWO97GXif162Uf9ldhMTXPdTLuPEoGSLK4JEEBORLBIy5AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4hTo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HN3iumPw=</latexit><latexit sha1_base64="HjiKajmQSOKJRxWP8GozjAn7z8Q=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48JmAckIcxOepMhs7PLzKwYlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N93lx4Jr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1fKpRcIlNw43ATqyQhr7Atj+5yfz2PSrNI3lnpjH2QzqSPOCMGis1Hgblilt15yCrxMtJBXLUB+Wv3jBiSYjSMEG17npubPopVYYzgbNSL9EYUzahI+xaKmmIup/OD52RM6sMSRApW9KQufpzIqWh1tPQt50hNWO97GXif162Uf9ldhMTXPdTLuPEoGSLK4JEEBORLBIy5AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4hTo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HN3iumPw=</latexit><latexit sha1_base64="HjiKajmQSOKJRxWP8GozjAn7z8Q=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48JmAckIcxOepMhs7PLzKwYlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N93lx4Jr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1fKpRcIlNw43ATqyQhr7Atj+5yfz2PSrNI3lnpjH2QzqSPOCMGis1Hgblilt15yCrxMtJBXLUB+Wv3jBiSYjSMEG17npubPopVYYzgbNSL9EYUzahI+xaKmmIup/OD52RM6sMSRApW9KQufpzIqWh1tPQt50hNWO97GXif162Uf9ldhMTXPdTLuPEoGSLK4JEEBORLBIy5AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4hTo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HN3iumPw=</latexit><latexit sha1_base64="HjiKajmQSOKJRxWP8GozjAn7z8Q=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48JmAckIcxOepMhs7PLzKwYlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N93lx4Jr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1fKpRcIlNw43ATqyQhr7Atj+5yfz2PSrNI3lnpjH2QzqSPOCMGis1Hgblilt15yCrxMtJBXLUB+Wv3jBiSYjSMEG17npubPopVYYzgbNSL9EYUzahI+xaKmmIup/OD52RM6sMSRApW9KQufpzIqWh1tPQt50hNWO97GXif162Uf9ldhMTXPdTLuPEoGSLK4JEEBORLBIy5AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4hTo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HN3iumPw=</latexit> A

<latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit>

Remove the top element from     .A
<latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit>

A.size()
<latexit sha1_base64="Gk45ZVPoNXEL6ABHLpxoU2hJRcQ=">AAACEXicdVDLSgNBEJz1GeMr6tHLYBDiJeyKoMeIF48RzAOSJcxOepMhsw9neoW45Cs8eNXP8CZe/QK/wl9wNtmDJlrQUFR1N93lxVJotO1Pa2l5ZXVtvbBR3Nza3tkt7e03dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdZX7rHpQWUXiL4xjcgA1C4QvO0EjuZbWLmGrxAJPKSa9Utqv2FHSRODkpkxz1Xumr2494EkCIXDKtO44do5syhYJLmBS7iYaY8REbQMfQkAWg3XR69IQeG6VP/UiZCpFO1Z8TKQu0Hgee6QwYDvW8l4n/edlG/ZfZSdC/cFMRxglCyGdX+ImkGNEsHtoXCjjKsSGMK2EeoXzIFONoQiyahJz5PBZJ87Tq2FXn5qxcq+dZFcghOSIV4pBzUiPXpE4ahJM78kSeyYv1aL1ab9b7rHXJymcOyC9YH989C52z</latexit><latexit sha1_base64="Gk45ZVPoNXEL6ABHLpxoU2hJRcQ=">AAACEXicdVDLSgNBEJz1GeMr6tHLYBDiJeyKoMeIF48RzAOSJcxOepMhsw9neoW45Cs8eNXP8CZe/QK/wl9wNtmDJlrQUFR1N93lxVJotO1Pa2l5ZXVtvbBR3Nza3tkt7e03dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdZX7rHpQWUXiL4xjcgA1C4QvO0EjuZbWLmGrxAJPKSa9Utqv2FHSRODkpkxz1Xumr2494EkCIXDKtO44do5syhYJLmBS7iYaY8REbQMfQkAWg3XR69IQeG6VP/UiZCpFO1Z8TKQu0Hgee6QwYDvW8l4n/edlG/ZfZSdC/cFMRxglCyGdX+ImkGNEsHtoXCjjKsSGMK2EeoXzIFONoQiyahJz5PBZJ87Tq2FXn5qxcq+dZFcghOSIV4pBzUiPXpE4ahJM78kSeyYv1aL1ab9b7rHXJymcOyC9YH989C52z</latexit><latexit sha1_base64="Gk45ZVPoNXEL6ABHLpxoU2hJRcQ=">AAACEXicdVDLSgNBEJz1GeMr6tHLYBDiJeyKoMeIF48RzAOSJcxOepMhsw9neoW45Cs8eNXP8CZe/QK/wl9wNtmDJlrQUFR1N93lxVJotO1Pa2l5ZXVtvbBR3Nza3tkt7e03dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdZX7rHpQWUXiL4xjcgA1C4QvO0EjuZbWLmGrxAJPKSa9Utqv2FHSRODkpkxz1Xumr2494EkCIXDKtO44do5syhYJLmBS7iYaY8REbQMfQkAWg3XR69IQeG6VP/UiZCpFO1Z8TKQu0Hgee6QwYDvW8l4n/edlG/ZfZSdC/cFMRxglCyGdX+ImkGNEsHtoXCjjKsSGMK2EeoXzIFONoQiyahJz5PBZJ87Tq2FXn5qxcq+dZFcghOSIV4pBzUiPXpE4ahJM78kSeyYv1aL1ab9b7rHXJymcOyC9YH989C52z</latexit><latexit sha1_base64="Gk45ZVPoNXEL6ABHLpxoU2hJRcQ=">AAACEXicdVDLSgNBEJz1GeMr6tHLYBDiJeyKoMeIF48RzAOSJcxOepMhsw9neoW45Cs8eNXP8CZe/QK/wl9wNtmDJlrQUFR1N93lxVJotO1Pa2l5ZXVtvbBR3Nza3tkt7e03dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdZX7rHpQWUXiL4xjcgA1C4QvO0EjuZbWLmGrxAJPKSa9Utqv2FHSRODkpkxz1Xumr2494EkCIXDKtO44do5syhYJLmBS7iYaY8REbQMfQkAWg3XR69IQeG6VP/UiZCpFO1Z8TKQu0Hgee6QwYDvW8l4n/edlG/ZfZSdC/cFMRxglCyGdX+ImkGNEsHtoXCjjKsSGMK2EeoXzIFONoQiyahJz5PBZJ87Tq2FXn5qxcq+dZFcghOSIV4pBzUiPXpE4ahJM78kSeyYv1aL1ab9b7rHXJymcOyC9YH989C52z</latexit>

Return the number of elements in      .A
<latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit>

A Stack()
<latexit sha1_base64="rx9BBm2dHGURpBGQ5SMu3z3SRQI=">AAACGnicdVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF1W3LisaB/QhDKZTtuhk0mYuRFq6J+4cKuf4U7cuvEr/AUnbRba6oELh3Puvdx7glhwDY7zaRWWlldW14rrpY3Nre0de3evqaNEUdagkYhUOyCaCS5ZAzgI1o4VI2EgWCsYXWV+654pzSN5B+OY+SEZSN7nlICRuvbBJfYGDDT2ANJbIHQ0qZx07bJTdabAi8TNSRnlqHftL68X0SRkEqggWndcJwY/JQo4FWxS8hLNYrObDFjHUElCpv10ev0EHxulh/uRMiUBT9WfEykJtR6HgekMCQz1vJeJ/3nZRv2X2Umgf+GnXMYJMElnV/QTgSHCWU64xxWjIMaGEKq4eQTTIVGEgkmzZBJy5/NYJM3TqutU3Zuzcq2eZ1VEh+gIVZCLzlENXaM6aiCKHtATekYv1qP1ar1Z77PWgpXP7KNfsD6+AbqpoIY=</latexit><latexit sha1_base64="rx9BBm2dHGURpBGQ5SMu3z3SRQI=">AAACGnicdVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF1W3LisaB/QhDKZTtuhk0mYuRFq6J+4cKuf4U7cuvEr/AUnbRba6oELh3Puvdx7glhwDY7zaRWWlldW14rrpY3Nre0de3evqaNEUdagkYhUOyCaCS5ZAzgI1o4VI2EgWCsYXWV+654pzSN5B+OY+SEZSN7nlICRuvbBJfYGDDT2ANJbIHQ0qZx07bJTdabAi8TNSRnlqHftL68X0SRkEqggWndcJwY/JQo4FWxS8hLNYrObDFjHUElCpv10ev0EHxulh/uRMiUBT9WfEykJtR6HgekMCQz1vJeJ/3nZRv2X2Umgf+GnXMYJMElnV/QTgSHCWU64xxWjIMaGEKq4eQTTIVGEgkmzZBJy5/NYJM3TqutU3Zuzcq2eZ1VEh+gIVZCLzlENXaM6aiCKHtATekYv1qP1ar1Z77PWgpXP7KNfsD6+AbqpoIY=</latexit><latexit sha1_base64="rx9BBm2dHGURpBGQ5SMu3z3SRQI=">AAACGnicdVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF1W3LisaB/QhDKZTtuhk0mYuRFq6J+4cKuf4U7cuvEr/AUnbRba6oELh3Puvdx7glhwDY7zaRWWlldW14rrpY3Nre0de3evqaNEUdagkYhUOyCaCS5ZAzgI1o4VI2EgWCsYXWV+654pzSN5B+OY+SEZSN7nlICRuvbBJfYGDDT2ANJbIHQ0qZx07bJTdabAi8TNSRnlqHftL68X0SRkEqggWndcJwY/JQo4FWxS8hLNYrObDFjHUElCpv10ev0EHxulh/uRMiUBT9WfEykJtR6HgekMCQz1vJeJ/3nZRv2X2Umgf+GnXMYJMElnV/QTgSHCWU64xxWjIMaGEKq4eQTTIVGEgkmzZBJy5/NYJM3TqutU3Zuzcq2eZ1VEh+gIVZCLzlENXaM6aiCKHtATekYv1qP1ar1Z77PWgpXP7KNfsD6+AbqpoIY=</latexit><latexit sha1_base64="rx9BBm2dHGURpBGQ5SMu3z3SRQI=">AAACGnicdVDLSsNAFJ3UV62v+Ni5GSxC3ZREBF1W3LisaB/QhDKZTtuhk0mYuRFq6J+4cKuf4U7cuvEr/AUnbRba6oELh3Puvdx7glhwDY7zaRWWlldW14rrpY3Nre0de3evqaNEUdagkYhUOyCaCS5ZAzgI1o4VI2EgWCsYXWV+654pzSN5B+OY+SEZSN7nlICRuvbBJfYGDDT2ANJbIHQ0qZx07bJTdabAi8TNSRnlqHftL68X0SRkEqggWndcJwY/JQo4FWxS8hLNYrObDFjHUElCpv10ev0EHxulh/uRMiUBT9WfEykJtR6HgekMCQz1vJeJ/3nZRv2X2Umgf+GnXMYJMElnV/QTgSHCWU64xxWjIMaGEKq4eQTTIVGEgkmzZBJy5/NYJM3TqutU3Zuzcq2eZ1VEh+gIVZCLzlENXaM6aiCKHtATekYv1qP1ar1Z77PWgpXP7KNfsD6+AbqpoIY=</latexit>

A.push(x)
<latexit sha1_base64="2gYNsQ3IX5smJHgiFj53wIBZmq4=">AAACEnicdVDLSsNAFL3xWeur6tJNsAh1ExIRdFlx47KCfUBby2Q6aYdOJmHmRiyhf+HCrX6GO3HrD/gV/oKTNgtt9cCFwzn3Xu49fiy4Rtf9tJaWV1bX1gsbxc2t7Z3d0t5+Q0eJoqxOIxGplk80E1yyOnIUrBUrRkJfsKY/usr85j1TmkfyFscx64ZkIHnAKUEj3V06HcQ0TvRwUnk46ZXKruNOYS8SLydlyFHrlb46/YgmIZNIBdG67bkxdlOikFPBJsVOollM6IgMWNtQSUKmu+n06ol9bJS+HUTKlER7qv6cSEmo9Tj0TWdIcKjnvUz8z8s26r/MdoLBRTflMk6QSTq7IkiEjZGd5WP3uWIUxdgQQhU3j9h0SBShaFIsmoS8+TwWSePU8VzHuzkrV2t5VgU4hCOogAfnUIVrqEEdKCh4gmd4sR6tV+vNep+1Lln5zAH8gvXxDTLynjo=</latexit><latexit sha1_base64="2gYNsQ3IX5smJHgiFj53wIBZmq4=">AAACEnicdVDLSsNAFL3xWeur6tJNsAh1ExIRdFlx47KCfUBby2Q6aYdOJmHmRiyhf+HCrX6GO3HrD/gV/oKTNgtt9cCFwzn3Xu49fiy4Rtf9tJaWV1bX1gsbxc2t7Z3d0t5+Q0eJoqxOIxGplk80E1yyOnIUrBUrRkJfsKY/usr85j1TmkfyFscx64ZkIHnAKUEj3V06HcQ0TvRwUnk46ZXKruNOYS8SLydlyFHrlb46/YgmIZNIBdG67bkxdlOikFPBJsVOollM6IgMWNtQSUKmu+n06ol9bJS+HUTKlER7qv6cSEmo9Tj0TWdIcKjnvUz8z8s26r/MdoLBRTflMk6QSTq7IkiEjZGd5WP3uWIUxdgQQhU3j9h0SBShaFIsmoS8+TwWSePU8VzHuzkrV2t5VgU4hCOogAfnUIVrqEEdKCh4gmd4sR6tV+vNep+1Lln5zAH8gvXxDTLynjo=</latexit><latexit sha1_base64="2gYNsQ3IX5smJHgiFj53wIBZmq4=">AAACEnicdVDLSsNAFL3xWeur6tJNsAh1ExIRdFlx47KCfUBby2Q6aYdOJmHmRiyhf+HCrX6GO3HrD/gV/oKTNgtt9cCFwzn3Xu49fiy4Rtf9tJaWV1bX1gsbxc2t7Z3d0t5+Q0eJoqxOIxGplk80E1yyOnIUrBUrRkJfsKY/usr85j1TmkfyFscx64ZkIHnAKUEj3V06HcQ0TvRwUnk46ZXKruNOYS8SLydlyFHrlb46/YgmIZNIBdG67bkxdlOikFPBJsVOollM6IgMWNtQSUKmu+n06ol9bJS+HUTKlER7qv6cSEmo9Tj0TWdIcKjnvUz8z8s26r/MdoLBRTflMk6QSTq7IkiEjZGd5WP3uWIUxdgQQhU3j9h0SBShaFIsmoS8+TwWSePU8VzHuzkrV2t5VgU4hCOogAfnUIVrqEEdKCh4gmd4sR6tV+vNep+1Lln5zAH8gvXxDTLynjo=</latexit><latexit sha1_base64="2gYNsQ3IX5smJHgiFj53wIBZmq4=">AAACEnicdVDLSsNAFL3xWeur6tJNsAh1ExIRdFlx47KCfUBby2Q6aYdOJmHmRiyhf+HCrX6GO3HrD/gV/oKTNgtt9cCFwzn3Xu49fiy4Rtf9tJaWV1bX1gsbxc2t7Z3d0t5+Q0eJoqxOIxGplk80E1yyOnIUrBUrRkJfsKY/usr85j1TmkfyFscx64ZkIHnAKUEj3V06HcQ0TvRwUnk46ZXKruNOYS8SLydlyFHrlb46/YgmIZNIBdG67bkxdlOikFPBJsVOollM6IgMWNtQSUKmu+n06ol9bJS+HUTKlER7qv6cSEmo9Tj0TWdIcKjnvUz8z8s26r/MdoLBRTflMk6QSTq7IkiEjZGd5WP3uWIUxdgQQhU3j9h0SBShaFIsmoS8+TwWSePU8VzHuzkrV2t5VgU4hCOogAfnUIVrqEEdKCh4gmd4sR6tV+vNep+1Lln5zAH8gvXxDTLynjo=</latexit>

A.pop()
<latexit sha1_base64="2WHeGHUGQGaZqJn3yxcoCEqLKEk=">AAACEHicdVDLSsNAFJ34rPVVdelmsAh1ExIRdFlx47KCfUAbymQ6aYdOJsPMjVBCf8KFW/0Md+LWP/Ar/AUnbRba6oELh3Puvdx7QiW4Ac/7dFZW19Y3Nktb5e2d3b39ysFhyySppqxJE5HoTkgME1yyJnAQrKM0I3EoWDsc3+R++4FpwxN5DxPFgpgMJY84JWCl3rXbA8hUoqa1s36l6rneDHiZ+AWpogKNfuWrN0hoGjMJVBBjur6nIMiIBk4Fm5Z7qWGK0DEZsq6lksTMBNns5ik+tcoAR4m2JQHP1J8TGYmNmcSh7YwJjMyil4v/eflG85fZTSG6CjIuVQpM0vkVUSowJDhPBw+4ZhTExBJCNbePYDoimlCwGZZtQv5iHsukde76nuvfXVTrjSKrEjpGJ6iGfHSJ6ugWNVATUaTQE3pGL86j8+q8Oe/z1hWnmDlCv+B8fANjMZ09</latexit><latexit sha1_base64="2WHeGHUGQGaZqJn3yxcoCEqLKEk=">AAACEHicdVDLSsNAFJ34rPVVdelmsAh1ExIRdFlx47KCfUAbymQ6aYdOJsPMjVBCf8KFW/0Md+LWP/Ar/AUnbRba6oELh3Puvdx7QiW4Ac/7dFZW19Y3Nktb5e2d3b39ysFhyySppqxJE5HoTkgME1yyJnAQrKM0I3EoWDsc3+R++4FpwxN5DxPFgpgMJY84JWCl3rXbA8hUoqa1s36l6rneDHiZ+AWpogKNfuWrN0hoGjMJVBBjur6nIMiIBk4Fm5Z7qWGK0DEZsq6lksTMBNns5ik+tcoAR4m2JQHP1J8TGYmNmcSh7YwJjMyil4v/eflG85fZTSG6CjIuVQpM0vkVUSowJDhPBw+4ZhTExBJCNbePYDoimlCwGZZtQv5iHsukde76nuvfXVTrjSKrEjpGJ6iGfHSJ6ugWNVATUaTQE3pGL86j8+q8Oe/z1hWnmDlCv+B8fANjMZ09</latexit><latexit sha1_base64="2WHeGHUGQGaZqJn3yxcoCEqLKEk=">AAACEHicdVDLSsNAFJ34rPVVdelmsAh1ExIRdFlx47KCfUAbymQ6aYdOJsPMjVBCf8KFW/0Md+LWP/Ar/AUnbRba6oELh3Puvdx7QiW4Ac/7dFZW19Y3Nktb5e2d3b39ysFhyySppqxJE5HoTkgME1yyJnAQrKM0I3EoWDsc3+R++4FpwxN5DxPFgpgMJY84JWCl3rXbA8hUoqa1s36l6rneDHiZ+AWpogKNfuWrN0hoGjMJVBBjur6nIMiIBk4Fm5Z7qWGK0DEZsq6lksTMBNns5ik+tcoAR4m2JQHP1J8TGYmNmcSh7YwJjMyil4v/eflG85fZTSG6CjIuVQpM0vkVUSowJDhPBw+4ZhTExBJCNbePYDoimlCwGZZtQv5iHsukde76nuvfXVTrjSKrEjpGJ6iGfHSJ6ugWNVATUaTQE3pGL86j8+q8Oe/z1hWnmDlCv+B8fANjMZ09</latexit><latexit sha1_base64="2WHeGHUGQGaZqJn3yxcoCEqLKEk=">AAACEHicdVDLSsNAFJ34rPVVdelmsAh1ExIRdFlx47KCfUAbymQ6aYdOJsPMjVBCf8KFW/0Md+LWP/Ar/AUnbRba6oELh3Puvdx7QiW4Ac/7dFZW19Y3Nktb5e2d3b39ysFhyySppqxJE5HoTkgME1yyJnAQrKM0I3EoWDsc3+R++4FpwxN5DxPFgpgMJY84JWCl3rXbA8hUoqa1s36l6rneDHiZ+AWpogKNfuWrN0hoGjMJVBBjur6nIMiIBk4Fm5Z7qWGK0DEZsq6lksTMBNns5ik+tcoAR4m2JQHP1J8TGYmNmcSh7YwJjMyil4v/eflG85fZTSG6CjIuVQpM0vkVUSowJDhPBw+4ZhTExBJCNbePYDoimlCwGZZtQv5iHsukde76nuvfXVTrjSKrEjpGJ6iGfHSJ6ugWNVATUaTQE3pGL86j8+q8Oe/z1hWnmDlCv+B8fANjMZ09</latexit>

A.top()
<latexit sha1_base64="Lv7s4/OSG8Jw8RYpk1jh3Icn86Q=">AAACEHicdVDLSsNAFJ34rPVVdelmsAh1ExIRdFlx47KCfUAbymQ6aYdOJsPMjVBCf8KFW/0Md+LWP/Ar/AUnbRba6oELh3Puvdx7QiW4Ac/7dFZW19Y3Nktb5e2d3b39ysFhyySppqxJE5HoTkgME1yyJnAQrKM0I3EoWDsc3+R++4FpwxN5DxPFgpgMJY84JWCl3rXbA8ggUdPaWb9S9VxvBrxM/IJUUYFGv/LVGyQ0jZkEKogxXd9TEGREA6eCTcu91DBF6JgMWddSSWJmgmx28xSfWmWAo0TbkoBn6s+JjMTGTOLQdsYERmbRy8X/vHyj+cvsphBdBRmXKgUm6fyKKBUYEpyngwdcMwpiYgmhmttHMB0RTSjYDMs2IX8xj2XSOnd9z/XvLqr1RpFVCR2jE1RDPrpEdXSLGqiJKFLoCT2jF+fReXXenPd564pTzByhX3A+vgFpyZ1B</latexit><latexit sha1_base64="Lv7s4/OSG8Jw8RYpk1jh3Icn86Q=">AAACEHicdVDLSsNAFJ34rPVVdelmsAh1ExIRdFlx47KCfUAbymQ6aYdOJsPMjVBCf8KFW/0Md+LWP/Ar/AUnbRba6oELh3Puvdx7QiW4Ac/7dFZW19Y3Nktb5e2d3b39ysFhyySppqxJE5HoTkgME1yyJnAQrKM0I3EoWDsc3+R++4FpwxN5DxPFgpgMJY84JWCl3rXbA8ggUdPaWb9S9VxvBrxM/IJUUYFGv/LVGyQ0jZkEKogxXd9TEGREA6eCTcu91DBF6JgMWddSSWJmgmx28xSfWmWAo0TbkoBn6s+JjMTGTOLQdsYERmbRy8X/vHyj+cvsphBdBRmXKgUm6fyKKBUYEpyngwdcMwpiYgmhmttHMB0RTSjYDMs2IX8xj2XSOnd9z/XvLqr1RpFVCR2jE1RDPrpEdXSLGqiJKFLoCT2jF+fReXXenPd564pTzByhX3A+vgFpyZ1B</latexit><latexit sha1_base64="Lv7s4/OSG8Jw8RYpk1jh3Icn86Q=">AAACEHicdVDLSsNAFJ34rPVVdelmsAh1ExIRdFlx47KCfUAbymQ6aYdOJsPMjVBCf8KFW/0Md+LWP/Ar/AUnbRba6oELh3Puvdx7QiW4Ac/7dFZW19Y3Nktb5e2d3b39ysFhyySppqxJE5HoTkgME1yyJnAQrKM0I3EoWDsc3+R++4FpwxN5DxPFgpgMJY84JWCl3rXbA8ggUdPaWb9S9VxvBrxM/IJUUYFGv/LVGyQ0jZkEKogxXd9TEGREA6eCTcu91DBF6JgMWddSSWJmgmx28xSfWmWAo0TbkoBn6s+JjMTGTOLQdsYERmbRy8X/vHyj+cvsphBdBRmXKgUm6fyKKBUYEpyngwdcMwpiYgmhmttHMB0RTSjYDMs2IX8xj2XSOnd9z/XvLqr1RpFVCR2jE1RDPrpEdXSLGqiJKFLoCT2jF+fReXXenPd564pTzByhX3A+vgFpyZ1B</latexit><latexit sha1_base64="Lv7s4/OSG8Jw8RYpk1jh3Icn86Q=">AAACEHicdVDLSsNAFJ34rPVVdelmsAh1ExIRdFlx47KCfUAbymQ6aYdOJsPMjVBCf8KFW/0Md+LWP/Ar/AUnbRba6oELh3Puvdx7QiW4Ac/7dFZW19Y3Nktb5e2d3b39ysFhyySppqxJE5HoTkgME1yyJnAQrKM0I3EoWDsc3+R++4FpwxN5DxPFgpgMJY84JWCl3rXbA8ggUdPaWb9S9VxvBrxM/IJUUYFGv/LVGyQ0jZkEKogxXd9TEGREA6eCTcu91DBF6JgMWddSSWJmgmx28xSfWmWAo0TbkoBn6s+JjMTGTOLQdsYERmbRy8X/vHyj+cvsphBdBRmXKgUm6fyKKBUYEpyngwdcMwpiYgmhmttHMB0RTSjYDMs2IX8xj2XSOnd9z/XvLqr1RpFVCR2jE1RDPrpEdXSLGqiJKFLoCT2jF+fReXXenPd564pTzByhX3A+vgFpyZ1B</latexit>

Return the most recently added item in     .A
<latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit>



Stack ADT: push
The push operation is how we add items to a stack:

push (

(

push {

(
{

push {

(

{

{

We picture the stack growing "upwards".

Pushed items are added to the top of the stack.



Stack ADT: top
The top operation returns the element at the top of the stack.

top returns {
(
{

(

{

[

top returns [



Stack ADT: pop
The pop operation removes the top element from the stack.

pop
(
{

(

(

{

[

pop
(

{

A stack has Last In First Out (LIFO)
behavior.



Stack ADT
We have used the same names for the operations as in std::stack
image from https://en.cppreference.com/w/cpp/container/stack

https://en.cppreference.com/w/cpp/container/stack


Stack Implementation

The ADT of a stack is a subset of that of a resizable array.

Turn the stack on its side:

5
<latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit><latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit><latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit><latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit>

8
<latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit><latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit><latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit><latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit>

0
<latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit><latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit><latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit><latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit>

11
<latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit><latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit><latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit><latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit> 22

<latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit><latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit><latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit><latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit>

Then push and pop are exactly like push_back and pop_back.

push back
<latexit sha1_base64="w+g5BN7gM+BvwphqfU6jtzkKDEo=">AAACFXicdVDLSgNBEJz1GeMjqx69DAbBU5gJYpJbwEuOEcwDkiXMTibJkNkHM71CWPIdHrzqZ3gTr579Cn/B2SSCiiloKKq6m+7yYyUNEPLhbGxube/s5vby+weHRwX3+KRtokRz0eKRinTXZ0YoGYoWSFCiG2vBAl+Jjj+9yfzOvdBGRuEdzGLhBWwcypHkDKw0cAt9gDROzKQ/8BmfzgdukZQIIZRSnBFauSaW1GrVMq1imlkWRbRCc+B+9ocRTwIRAlfMmB4lMXgp0yC5EvN8PzEitpvZWPQsDVkgjJcuDp/jC6sM8SjStkLAC/XnRMoCY2aBbzsDBhPz18vEdV620fxn9hIYVb1UhnECIuTLK0aJwhDhLCI8lFpwUDNLGNfSPoL5hGnGwQaZtwl9x4DXk3a5REmJ3l4V641VVjl0hs7RJaKoguqogZqohThK0CN6Qs/Og/PivDpvy9YNZzVzin7Bef8C8Euftw==</latexit><latexit sha1_base64="w+g5BN7gM+BvwphqfU6jtzkKDEo=">AAACFXicdVDLSgNBEJz1GeMjqx69DAbBU5gJYpJbwEuOEcwDkiXMTibJkNkHM71CWPIdHrzqZ3gTr579Cn/B2SSCiiloKKq6m+7yYyUNEPLhbGxube/s5vby+weHRwX3+KRtokRz0eKRinTXZ0YoGYoWSFCiG2vBAl+Jjj+9yfzOvdBGRuEdzGLhBWwcypHkDKw0cAt9gDROzKQ/8BmfzgdukZQIIZRSnBFauSaW1GrVMq1imlkWRbRCc+B+9ocRTwIRAlfMmB4lMXgp0yC5EvN8PzEitpvZWPQsDVkgjJcuDp/jC6sM8SjStkLAC/XnRMoCY2aBbzsDBhPz18vEdV620fxn9hIYVb1UhnECIuTLK0aJwhDhLCI8lFpwUDNLGNfSPoL5hGnGwQaZtwl9x4DXk3a5REmJ3l4V641VVjl0hs7RJaKoguqogZqohThK0CN6Qs/Og/PivDpvy9YNZzVzin7Bef8C8Euftw==</latexit><latexit sha1_base64="w+g5BN7gM+BvwphqfU6jtzkKDEo=">AAACFXicdVDLSgNBEJz1GeMjqx69DAbBU5gJYpJbwEuOEcwDkiXMTibJkNkHM71CWPIdHrzqZ3gTr579Cn/B2SSCiiloKKq6m+7yYyUNEPLhbGxube/s5vby+weHRwX3+KRtokRz0eKRinTXZ0YoGYoWSFCiG2vBAl+Jjj+9yfzOvdBGRuEdzGLhBWwcypHkDKw0cAt9gDROzKQ/8BmfzgdukZQIIZRSnBFauSaW1GrVMq1imlkWRbRCc+B+9ocRTwIRAlfMmB4lMXgp0yC5EvN8PzEitpvZWPQsDVkgjJcuDp/jC6sM8SjStkLAC/XnRMoCY2aBbzsDBhPz18vEdV620fxn9hIYVb1UhnECIuTLK0aJwhDhLCI8lFpwUDNLGNfSPoL5hGnGwQaZtwl9x4DXk3a5REmJ3l4V641VVjl0hs7RJaKoguqogZqohThK0CN6Qs/Og/PivDpvy9YNZzVzin7Bef8C8Euftw==</latexit><latexit sha1_base64="w+g5BN7gM+BvwphqfU6jtzkKDEo=">AAACFXicdVDLSgNBEJz1GeMjqx69DAbBU5gJYpJbwEuOEcwDkiXMTibJkNkHM71CWPIdHrzqZ3gTr579Cn/B2SSCiiloKKq6m+7yYyUNEPLhbGxube/s5vby+weHRwX3+KRtokRz0eKRinTXZ0YoGYoWSFCiG2vBAl+Jjj+9yfzOvdBGRuEdzGLhBWwcypHkDKw0cAt9gDROzKQ/8BmfzgdukZQIIZRSnBFauSaW1GrVMq1imlkWRbRCc+B+9ocRTwIRAlfMmB4lMXgp0yC5EvN8PzEitpvZWPQsDVkgjJcuDp/jC6sM8SjStkLAC/XnRMoCY2aBbzsDBhPz18vEdV620fxn9hIYVb1UhnECIuTLK0aJwhDhLCI8lFpwUDNLGNfSPoL5hGnGwQaZtwl9x4DXk3a5REmJ3l4V641VVjl0hs7RJaKoguqogZqohThK0CN6Qs/Og/PivDpvy9YNZzVzin7Bef8C8Euftw==</latexit>

pop back
<latexit sha1_base64="N96hVDOygeFbYbWKvtPaDxyKz+c=">AAACEnicdVBNS0JBFJ1nX2ZfVss2QxK0khmJ1J3QxqVBauB7ybxx1MF5H8zcF8jDf9Gibf2MdtG2P9Cv6C80Tw0q8sCFwzn3Xu49fqykAUI+nNza+sbmVn67sLO7t39QPDzqmCjRXLR5pCJ96zMjlAxFGyQocRtrwQJfia4/ucr87r3QRkbhDUxj4QVsFMqh5AysdOcCpHEUu32f8cmsXyyRMiGEUoozQquXxJJ6vVahNUwzy6KElmj1i5/uIOJJIELgihnToyQGL2UaJFdiVnATI2K7mY1Ez9KQBcJ46fzqGT6zygAPI20rBDxXf06kLDBmGvi2M2AwNn+9TFzlZRvNf2YvgWHNS2UYJyBCvrhimCgMEc7ywQOpBQc1tYRxLe0jmI+ZZhxsigWb0HcMeDXpVMqUlOn1RanRXGaVRyfoFJ0jiqqogZqohdqII40e0RN6dh6cF+fVeVu05pzlzDH6Bef9C5Gknws=</latexit><latexit sha1_base64="N96hVDOygeFbYbWKvtPaDxyKz+c=">AAACEnicdVBNS0JBFJ1nX2ZfVss2QxK0khmJ1J3QxqVBauB7ybxx1MF5H8zcF8jDf9Gibf2MdtG2P9Cv6C80Tw0q8sCFwzn3Xu49fqykAUI+nNza+sbmVn67sLO7t39QPDzqmCjRXLR5pCJ96zMjlAxFGyQocRtrwQJfia4/ucr87r3QRkbhDUxj4QVsFMqh5AysdOcCpHEUu32f8cmsXyyRMiGEUoozQquXxJJ6vVahNUwzy6KElmj1i5/uIOJJIELgihnToyQGL2UaJFdiVnATI2K7mY1Ez9KQBcJ46fzqGT6zygAPI20rBDxXf06kLDBmGvi2M2AwNn+9TFzlZRvNf2YvgWHNS2UYJyBCvrhimCgMEc7ywQOpBQc1tYRxLe0jmI+ZZhxsigWb0HcMeDXpVMqUlOn1RanRXGaVRyfoFJ0jiqqogZqohdqII40e0RN6dh6cF+fVeVu05pzlzDH6Bef9C5Gknws=</latexit><latexit sha1_base64="N96hVDOygeFbYbWKvtPaDxyKz+c=">AAACEnicdVBNS0JBFJ1nX2ZfVss2QxK0khmJ1J3QxqVBauB7ybxx1MF5H8zcF8jDf9Gibf2MdtG2P9Cv6C80Tw0q8sCFwzn3Xu49fqykAUI+nNza+sbmVn67sLO7t39QPDzqmCjRXLR5pCJ96zMjlAxFGyQocRtrwQJfia4/ucr87r3QRkbhDUxj4QVsFMqh5AysdOcCpHEUu32f8cmsXyyRMiGEUoozQquXxJJ6vVahNUwzy6KElmj1i5/uIOJJIELgihnToyQGL2UaJFdiVnATI2K7mY1Ez9KQBcJ46fzqGT6zygAPI20rBDxXf06kLDBmGvi2M2AwNn+9TFzlZRvNf2YvgWHNS2UYJyBCvrhimCgMEc7ywQOpBQc1tYRxLe0jmI+ZZhxsigWb0HcMeDXpVMqUlOn1RanRXGaVRyfoFJ0jiqqogZqohdqII40e0RN6dh6cF+fVeVu05pzlzDH6Bef9C5Gknws=</latexit><latexit sha1_base64="N96hVDOygeFbYbWKvtPaDxyKz+c=">AAACEnicdVBNS0JBFJ1nX2ZfVss2QxK0khmJ1J3QxqVBauB7ybxx1MF5H8zcF8jDf9Gibf2MdtG2P9Cv6C80Tw0q8sCFwzn3Xu49fqykAUI+nNza+sbmVn67sLO7t39QPDzqmCjRXLR5pCJ96zMjlAxFGyQocRtrwQJfia4/ucr87r3QRkbhDUxj4QVsFMqh5AysdOcCpHEUu32f8cmsXyyRMiGEUoozQquXxJJ6vVahNUwzy6KElmj1i5/uIOJJIELgihnToyQGL2UaJFdiVnATI2K7mY1Ez9KQBcJ46fzqGT6zygAPI20rBDxXf06kLDBmGvi2M2AwNn+9TFzlZRvNf2YvgWHNS2UYJyBCvrhimCgMEc7ywQOpBQc1tYRxLe0jmI+ZZhxsigWb0HcMeDXpVMqUlOn1RanRXGaVRyfoFJ0jiqqogZqohdqII40e0RN6dh6cF+fVeVu05pzlzDH6Bef9C5Gknws=</latexit>

We can implement top by                                     .A.get(A.size()� 1)
<latexit sha1_base64="qkcjGEIikcEF1Xd0y39ftVHFaaE=">AAACIXicdZC7SgNBFIZn4y3GW9QyzWIQksKwK4KWERvLCOYCyRJmJ2eTIbMXZs4KcdnCZ7Gw1cewEzvxIXwFJ8kWmuiBgY//P+cw53cjwRVa1oeRW1ldW9/Ibxa2tnd294r7By0VxpJBk4UilB2XKhA8gCZyFNCJJFDfFdB2x1dTv30HUvEwuMVJBI5PhwH3OKOopX6xdFnrISZDwLQyR8XvIa1UT+xqv1i2ataszGWwMyiTrBr94ldvELLYhwCZoEp1bStCJ6ESOROQFnqxgoiyMR1CV2NAfVBOMjsiNY+1MjC9UOoXoDlTf04k1Fdq4ru606c4UoveVPzPm25Uf5ndGL0LJ+FBFCMEbP4LLxYmhuY0LnPAJTAUEw2USa4PMdmISspQh1rQCdmLeSxD67RmWzX75qxcb2RZ5UmJHJEKsck5qZNr0iBNwsgDeSLP5MV4NF6NN+N93pozsplD8quMz2+knqMK</latexit><latexit sha1_base64="qkcjGEIikcEF1Xd0y39ftVHFaaE=">AAACIXicdZC7SgNBFIZn4y3GW9QyzWIQksKwK4KWERvLCOYCyRJmJ2eTIbMXZs4KcdnCZ7Gw1cewEzvxIXwFJ8kWmuiBgY//P+cw53cjwRVa1oeRW1ldW9/Ibxa2tnd294r7By0VxpJBk4UilB2XKhA8gCZyFNCJJFDfFdB2x1dTv30HUvEwuMVJBI5PhwH3OKOopX6xdFnrISZDwLQyR8XvIa1UT+xqv1i2ataszGWwMyiTrBr94ldvELLYhwCZoEp1bStCJ6ESOROQFnqxgoiyMR1CV2NAfVBOMjsiNY+1MjC9UOoXoDlTf04k1Fdq4ru606c4UoveVPzPm25Uf5ndGL0LJ+FBFCMEbP4LLxYmhuY0LnPAJTAUEw2USa4PMdmISspQh1rQCdmLeSxD67RmWzX75qxcb2RZ5UmJHJEKsck5qZNr0iBNwsgDeSLP5MV4NF6NN+N93pozsplD8quMz2+knqMK</latexit><latexit sha1_base64="qkcjGEIikcEF1Xd0y39ftVHFaaE=">AAACIXicdZC7SgNBFIZn4y3GW9QyzWIQksKwK4KWERvLCOYCyRJmJ2eTIbMXZs4KcdnCZ7Gw1cewEzvxIXwFJ8kWmuiBgY//P+cw53cjwRVa1oeRW1ldW9/Ibxa2tnd294r7By0VxpJBk4UilB2XKhA8gCZyFNCJJFDfFdB2x1dTv30HUvEwuMVJBI5PhwH3OKOopX6xdFnrISZDwLQyR8XvIa1UT+xqv1i2ataszGWwMyiTrBr94ldvELLYhwCZoEp1bStCJ6ESOROQFnqxgoiyMR1CV2NAfVBOMjsiNY+1MjC9UOoXoDlTf04k1Fdq4ru606c4UoveVPzPm25Uf5ndGL0LJ+FBFCMEbP4LLxYmhuY0LnPAJTAUEw2USa4PMdmISspQh1rQCdmLeSxD67RmWzX75qxcb2RZ5UmJHJEKsck5qZNr0iBNwsgDeSLP5MV4NF6NN+N93pozsplD8quMz2+knqMK</latexit><latexit sha1_base64="qkcjGEIikcEF1Xd0y39ftVHFaaE=">AAACIXicdZC7SgNBFIZn4y3GW9QyzWIQksKwK4KWERvLCOYCyRJmJ2eTIbMXZs4KcdnCZ7Gw1cewEzvxIXwFJ8kWmuiBgY//P+cw53cjwRVa1oeRW1ldW9/Ibxa2tnd294r7By0VxpJBk4UilB2XKhA8gCZyFNCJJFDfFdB2x1dTv30HUvEwuMVJBI5PhwH3OKOopX6xdFnrISZDwLQyR8XvIa1UT+xqv1i2ataszGWwMyiTrBr94ldvELLYhwCZoEp1bStCJ6ESOROQFnqxgoiyMR1CV2NAfVBOMjsiNY+1MjC9UOoXoDlTf04k1Fdq4ru606c4UoveVPzPm25Uf5ndGL0LJ+FBFCMEbP4LLxYmhuY0LnPAJTAUEw2USa4PMdmISspQh1rQCdmLeSxD67RmWzX75qxcb2RZ5UmJHJEKsck5qZNr0iBNwsgDeSLP5MV4NF6NN+N93pozsplD8quMz2+knqMK</latexit>



C++ std::stack

The standard library implements a stack in std::stack.

This is a container adaptor: just a thin wrapper around another container 
like std::vector.

You can specify which container you would like std::stack to use, the 
default is a std::deque.



Stack in Practice
The downside of a stack is that we cannot iterate through the elements 
without popping them off, thereby modifying the stack.

This can make debugging difficult.

In practice, with std::stack we give up operations compared to a 
std::vector, without gaining any performance benefits.

The only advantage is to communicate to readers of your code "I only 
use the reduced functionality of a stack here".

When I am coding I will usually just use a std::vector instead.



Queue



Queue

The dynamics of a queue is familiar from waiting in line.

pop items 
here

push items 
here

We add items to the back of the line, and remove them from the front.

This has First In First Out (FIFO) behavior.

front back



Queue ADT
Creates an empty queue

Add     to     .x
<latexit sha1_base64="HjiKajmQSOKJRxWP8GozjAn7z8Q=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48JmAckIcxOepMhs7PLzKwYlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N93lx4Jr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1fKpRcIlNw43ATqyQhr7Atj+5yfz2PSrNI3lnpjH2QzqSPOCMGis1Hgblilt15yCrxMtJBXLUB+Wv3jBiSYjSMEG17npubPopVYYzgbNSL9EYUzahI+xaKmmIup/OD52RM6sMSRApW9KQufpzIqWh1tPQt50hNWO97GXif162Uf9ldhMTXPdTLuPEoGSLK4JEEBORLBIy5AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4hTo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HN3iumPw=</latexit><latexit sha1_base64="HjiKajmQSOKJRxWP8GozjAn7z8Q=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48JmAckIcxOepMhs7PLzKwYlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N93lx4Jr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1fKpRcIlNw43ATqyQhr7Atj+5yfz2PSrNI3lnpjH2QzqSPOCMGis1Hgblilt15yCrxMtJBXLUB+Wv3jBiSYjSMEG17npubPopVYYzgbNSL9EYUzahI+xaKmmIup/OD52RM6sMSRApW9KQufpzIqWh1tPQt50hNWO97GXif162Uf9ldhMTXPdTLuPEoGSLK4JEEBORLBIy5AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4hTo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HN3iumPw=</latexit><latexit sha1_base64="HjiKajmQSOKJRxWP8GozjAn7z8Q=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48JmAckIcxOepMhs7PLzKwYlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N93lx4Jr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1fKpRcIlNw43ATqyQhr7Atj+5yfz2PSrNI3lnpjH2QzqSPOCMGis1Hgblilt15yCrxMtJBXLUB+Wv3jBiSYjSMEG17npubPopVYYzgbNSL9EYUzahI+xaKmmIup/OD52RM6sMSRApW9KQufpzIqWh1tPQt50hNWO97GXif162Uf9ldhMTXPdTLuPEoGSLK4JEEBORLBIy5AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4hTo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HN3iumPw=</latexit><latexit sha1_base64="HjiKajmQSOKJRxWP8GozjAn7z8Q=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAF48JmAckIcxOepMhs7PLzKwYlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N93lx4Jr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1fKpRcIlNw43ATqyQhr7Atj+5yfz2PSrNI3lnpjH2QzqSPOCMGis1Hgblilt15yCrxMtJBXLUB+Wv3jBiSYjSMEG17npubPopVYYzgbNSL9EYUzahI+xaKmmIup/OD52RM6sMSRApW9KQufpzIqWh1tPQt50hNWO97GXif162Uf9ldhMTXPdTLuPEoGSLK4JEEBORLBIy5AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4hTo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HN3iumPw=</latexit> A

<latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit>

Remove the front element from     .A
<latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit>

A.size()
<latexit sha1_base64="Gk45ZVPoNXEL6ABHLpxoU2hJRcQ=">AAACEXicdVDLSgNBEJz1GeMr6tHLYBDiJeyKoMeIF48RzAOSJcxOepMhsw9neoW45Cs8eNXP8CZe/QK/wl9wNtmDJlrQUFR1N93lxVJotO1Pa2l5ZXVtvbBR3Nza3tkt7e03dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdZX7rHpQWUXiL4xjcgA1C4QvO0EjuZbWLmGrxAJPKSa9Utqv2FHSRODkpkxz1Xumr2494EkCIXDKtO44do5syhYJLmBS7iYaY8REbQMfQkAWg3XR69IQeG6VP/UiZCpFO1Z8TKQu0Hgee6QwYDvW8l4n/edlG/ZfZSdC/cFMRxglCyGdX+ImkGNEsHtoXCjjKsSGMK2EeoXzIFONoQiyahJz5PBZJ87Tq2FXn5qxcq+dZFcghOSIV4pBzUiPXpE4ahJM78kSeyYv1aL1ab9b7rHXJymcOyC9YH989C52z</latexit><latexit sha1_base64="Gk45ZVPoNXEL6ABHLpxoU2hJRcQ=">AAACEXicdVDLSgNBEJz1GeMr6tHLYBDiJeyKoMeIF48RzAOSJcxOepMhsw9neoW45Cs8eNXP8CZe/QK/wl9wNtmDJlrQUFR1N93lxVJotO1Pa2l5ZXVtvbBR3Nza3tkt7e03dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdZX7rHpQWUXiL4xjcgA1C4QvO0EjuZbWLmGrxAJPKSa9Utqv2FHSRODkpkxz1Xumr2494EkCIXDKtO44do5syhYJLmBS7iYaY8REbQMfQkAWg3XR69IQeG6VP/UiZCpFO1Z8TKQu0Hgee6QwYDvW8l4n/edlG/ZfZSdC/cFMRxglCyGdX+ImkGNEsHtoXCjjKsSGMK2EeoXzIFONoQiyahJz5PBZJ87Tq2FXn5qxcq+dZFcghOSIV4pBzUiPXpE4ahJM78kSeyYv1aL1ab9b7rHXJymcOyC9YH989C52z</latexit><latexit sha1_base64="Gk45ZVPoNXEL6ABHLpxoU2hJRcQ=">AAACEXicdVDLSgNBEJz1GeMr6tHLYBDiJeyKoMeIF48RzAOSJcxOepMhsw9neoW45Cs8eNXP8CZe/QK/wl9wNtmDJlrQUFR1N93lxVJotO1Pa2l5ZXVtvbBR3Nza3tkt7e03dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdZX7rHpQWUXiL4xjcgA1C4QvO0EjuZbWLmGrxAJPKSa9Utqv2FHSRODkpkxz1Xumr2494EkCIXDKtO44do5syhYJLmBS7iYaY8REbQMfQkAWg3XR69IQeG6VP/UiZCpFO1Z8TKQu0Hgee6QwYDvW8l4n/edlG/ZfZSdC/cFMRxglCyGdX+ImkGNEsHtoXCjjKsSGMK2EeoXzIFONoQiyahJz5PBZJ87Tq2FXn5qxcq+dZFcghOSIV4pBzUiPXpE4ahJM78kSeyYv1aL1ab9b7rHXJymcOyC9YH989C52z</latexit><latexit sha1_base64="Gk45ZVPoNXEL6ABHLpxoU2hJRcQ=">AAACEXicdVDLSgNBEJz1GeMr6tHLYBDiJeyKoMeIF48RzAOSJcxOepMhsw9neoW45Cs8eNXP8CZe/QK/wl9wNtmDJlrQUFR1N93lxVJotO1Pa2l5ZXVtvbBR3Nza3tkt7e03dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdZX7rHpQWUXiL4xjcgA1C4QvO0EjuZbWLmGrxAJPKSa9Utqv2FHSRODkpkxz1Xumr2494EkCIXDKtO44do5syhYJLmBS7iYaY8REbQMfQkAWg3XR69IQeG6VP/UiZCpFO1Z8TKQu0Hgee6QwYDvW8l4n/edlG/ZfZSdC/cFMRxglCyGdX+ImkGNEsHtoXCjjKsSGMK2EeoXzIFONoQiyahJz5PBZJ87Tq2FXn5qxcq+dZFcghOSIV4pBzUiPXpE4ahJM78kSeyYv1aL1ab9b7rHXJymcOyC9YH989C52z</latexit>

Return the number of elements in      .A
<latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit>

A.push(x)
<latexit sha1_base64="2gYNsQ3IX5smJHgiFj53wIBZmq4=">AAACEnicdVDLSsNAFL3xWeur6tJNsAh1ExIRdFlx47KCfUBby2Q6aYdOJmHmRiyhf+HCrX6GO3HrD/gV/oKTNgtt9cCFwzn3Xu49fiy4Rtf9tJaWV1bX1gsbxc2t7Z3d0t5+Q0eJoqxOIxGplk80E1yyOnIUrBUrRkJfsKY/usr85j1TmkfyFscx64ZkIHnAKUEj3V06HcQ0TvRwUnk46ZXKruNOYS8SLydlyFHrlb46/YgmIZNIBdG67bkxdlOikFPBJsVOollM6IgMWNtQSUKmu+n06ol9bJS+HUTKlER7qv6cSEmo9Tj0TWdIcKjnvUz8z8s26r/MdoLBRTflMk6QSTq7IkiEjZGd5WP3uWIUxdgQQhU3j9h0SBShaFIsmoS8+TwWSePU8VzHuzkrV2t5VgU4hCOogAfnUIVrqEEdKCh4gmd4sR6tV+vNep+1Lln5zAH8gvXxDTLynjo=</latexit><latexit sha1_base64="2gYNsQ3IX5smJHgiFj53wIBZmq4=">AAACEnicdVDLSsNAFL3xWeur6tJNsAh1ExIRdFlx47KCfUBby2Q6aYdOJmHmRiyhf+HCrX6GO3HrD/gV/oKTNgtt9cCFwzn3Xu49fiy4Rtf9tJaWV1bX1gsbxc2t7Z3d0t5+Q0eJoqxOIxGplk80E1yyOnIUrBUrRkJfsKY/usr85j1TmkfyFscx64ZkIHnAKUEj3V06HcQ0TvRwUnk46ZXKruNOYS8SLydlyFHrlb46/YgmIZNIBdG67bkxdlOikFPBJsVOollM6IgMWNtQSUKmu+n06ol9bJS+HUTKlER7qv6cSEmo9Tj0TWdIcKjnvUz8z8s26r/MdoLBRTflMk6QSTq7IkiEjZGd5WP3uWIUxdgQQhU3j9h0SBShaFIsmoS8+TwWSePU8VzHuzkrV2t5VgU4hCOogAfnUIVrqEEdKCh4gmd4sR6tV+vNep+1Lln5zAH8gvXxDTLynjo=</latexit><latexit sha1_base64="2gYNsQ3IX5smJHgiFj53wIBZmq4=">AAACEnicdVDLSsNAFL3xWeur6tJNsAh1ExIRdFlx47KCfUBby2Q6aYdOJmHmRiyhf+HCrX6GO3HrD/gV/oKTNgtt9cCFwzn3Xu49fiy4Rtf9tJaWV1bX1gsbxc2t7Z3d0t5+Q0eJoqxOIxGplk80E1yyOnIUrBUrRkJfsKY/usr85j1TmkfyFscx64ZkIHnAKUEj3V06HcQ0TvRwUnk46ZXKruNOYS8SLydlyFHrlb46/YgmIZNIBdG67bkxdlOikFPBJsVOollM6IgMWNtQSUKmu+n06ol9bJS+HUTKlER7qv6cSEmo9Tj0TWdIcKjnvUz8z8s26r/MdoLBRTflMk6QSTq7IkiEjZGd5WP3uWIUxdgQQhU3j9h0SBShaFIsmoS8+TwWSePU8VzHuzkrV2t5VgU4hCOogAfnUIVrqEEdKCh4gmd4sR6tV+vNep+1Lln5zAH8gvXxDTLynjo=</latexit><latexit sha1_base64="2gYNsQ3IX5smJHgiFj53wIBZmq4=">AAACEnicdVDLSsNAFL3xWeur6tJNsAh1ExIRdFlx47KCfUBby2Q6aYdOJmHmRiyhf+HCrX6GO3HrD/gV/oKTNgtt9cCFwzn3Xu49fiy4Rtf9tJaWV1bX1gsbxc2t7Z3d0t5+Q0eJoqxOIxGplk80E1yyOnIUrBUrRkJfsKY/usr85j1TmkfyFscx64ZkIHnAKUEj3V06HcQ0TvRwUnk46ZXKruNOYS8SLydlyFHrlb46/YgmIZNIBdG67bkxdlOikFPBJsVOollM6IgMWNtQSUKmu+n06ol9bJS+HUTKlER7qv6cSEmo9Tj0TWdIcKjnvUz8z8s26r/MdoLBRTflMk6QSTq7IkiEjZGd5WP3uWIUxdgQQhU3j9h0SBShaFIsmoS8+TwWSePU8VzHuzkrV2t5VgU4hCOogAfnUIVrqEEdKCh4gmd4sR6tV+vNep+1Lln5zAH8gvXxDTLynjo=</latexit>

A.pop()
<latexit sha1_base64="2WHeGHUGQGaZqJn3yxcoCEqLKEk=">AAACEHicdVDLSsNAFJ34rPVVdelmsAh1ExIRdFlx47KCfUAbymQ6aYdOJsPMjVBCf8KFW/0Md+LWP/Ar/AUnbRba6oELh3Puvdx7QiW4Ac/7dFZW19Y3Nktb5e2d3b39ysFhyySppqxJE5HoTkgME1yyJnAQrKM0I3EoWDsc3+R++4FpwxN5DxPFgpgMJY84JWCl3rXbA8hUoqa1s36l6rneDHiZ+AWpogKNfuWrN0hoGjMJVBBjur6nIMiIBk4Fm5Z7qWGK0DEZsq6lksTMBNns5ik+tcoAR4m2JQHP1J8TGYmNmcSh7YwJjMyil4v/eflG85fZTSG6CjIuVQpM0vkVUSowJDhPBw+4ZhTExBJCNbePYDoimlCwGZZtQv5iHsukde76nuvfXVTrjSKrEjpGJ6iGfHSJ6ugWNVATUaTQE3pGL86j8+q8Oe/z1hWnmDlCv+B8fANjMZ09</latexit><latexit sha1_base64="2WHeGHUGQGaZqJn3yxcoCEqLKEk=">AAACEHicdVDLSsNAFJ34rPVVdelmsAh1ExIRdFlx47KCfUAbymQ6aYdOJsPMjVBCf8KFW/0Md+LWP/Ar/AUnbRba6oELh3Puvdx7QiW4Ac/7dFZW19Y3Nktb5e2d3b39ysFhyySppqxJE5HoTkgME1yyJnAQrKM0I3EoWDsc3+R++4FpwxN5DxPFgpgMJY84JWCl3rXbA8hUoqa1s36l6rneDHiZ+AWpogKNfuWrN0hoGjMJVBBjur6nIMiIBk4Fm5Z7qWGK0DEZsq6lksTMBNns5ik+tcoAR4m2JQHP1J8TGYmNmcSh7YwJjMyil4v/eflG85fZTSG6CjIuVQpM0vkVUSowJDhPBw+4ZhTExBJCNbePYDoimlCwGZZtQv5iHsukde76nuvfXVTrjSKrEjpGJ6iGfHSJ6ugWNVATUaTQE3pGL86j8+q8Oe/z1hWnmDlCv+B8fANjMZ09</latexit><latexit sha1_base64="2WHeGHUGQGaZqJn3yxcoCEqLKEk=">AAACEHicdVDLSsNAFJ34rPVVdelmsAh1ExIRdFlx47KCfUAbymQ6aYdOJsPMjVBCf8KFW/0Md+LWP/Ar/AUnbRba6oELh3Puvdx7QiW4Ac/7dFZW19Y3Nktb5e2d3b39ysFhyySppqxJE5HoTkgME1yyJnAQrKM0I3EoWDsc3+R++4FpwxN5DxPFgpgMJY84JWCl3rXbA8hUoqa1s36l6rneDHiZ+AWpogKNfuWrN0hoGjMJVBBjur6nIMiIBk4Fm5Z7qWGK0DEZsq6lksTMBNns5ik+tcoAR4m2JQHP1J8TGYmNmcSh7YwJjMyil4v/eflG85fZTSG6CjIuVQpM0vkVUSowJDhPBw+4ZhTExBJCNbePYDoimlCwGZZtQv5iHsukde76nuvfXVTrjSKrEjpGJ6iGfHSJ6ugWNVATUaTQE3pGL86j8+q8Oe/z1hWnmDlCv+B8fANjMZ09</latexit><latexit sha1_base64="2WHeGHUGQGaZqJn3yxcoCEqLKEk=">AAACEHicdVDLSsNAFJ34rPVVdelmsAh1ExIRdFlx47KCfUAbymQ6aYdOJsPMjVBCf8KFW/0Md+LWP/Ar/AUnbRba6oELh3Puvdx7QiW4Ac/7dFZW19Y3Nktb5e2d3b39ysFhyySppqxJE5HoTkgME1yyJnAQrKM0I3EoWDsc3+R++4FpwxN5DxPFgpgMJY84JWCl3rXbA8hUoqa1s36l6rneDHiZ+AWpogKNfuWrN0hoGjMJVBBjur6nIMiIBk4Fm5Z7qWGK0DEZsq6lksTMBNns5ik+tcoAR4m2JQHP1J8TGYmNmcSh7YwJjMyil4v/eflG85fZTSG6CjIuVQpM0vkVUSowJDhPBw+4ZhTExBJCNbePYDoimlCwGZZtQv5iHsukde76nuvfXVTrjSKrEjpGJ6iGfHSJ6ugWNVATUaTQE3pGL86j8+q8Oe/z1hWnmDlCv+B8fANjMZ09</latexit>

Return the item oldest item in     .A
<latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit><latexit sha1_base64="W3LHR5wBij/E30tRTD+Xj3fRM/I=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeIF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1bvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZXvspl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwBTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNx8XmMU=</latexit>A.front()

<latexit sha1_base64="GIW4TeY/zYVgiVDhDVYF1KFAdrA=">AAACEnicdVDLSgNBEJyNrxhfUY9eBoMQL2FXBD1GvHiMYB6QrGF2MpsMmZ1ZZnqFsOQvPHjVz/AmXv0Bv8JfcDbZgyZa0FBUdTfdFcSCG3DdT6ewsrq2vlHcLG1t7+zulfcPWkYlmrImVULpTkAME1yyJnAQrBNrRqJAsHYwvs789gPThit5B5OY+REZSh5ySsBK91e1HkAaaiVhWj3tlytuzZ0BLxMvJxWUo9Evf/UGiiYRk0AFMabruTH4KdHAqWDTUi8xLCZ0TIasa6kkETN+Ort6ik+sMsCh0rYk4Jn6cyIlkTGTKLCdEYGRWfQy8T8v22j+MrsJhJd+ymWcAJN0fkWYCAwKZ/ngAdeMgphYQqjm9hFMR0QTCjbFkk3IW8xjmbTOap5b827PK/VGnlURHaFjVEUeukB1dIMaqIko0ugJPaMX59F5dd6c93lrwclnDtEvOB/fGm6eKw==</latexit><latexit sha1_base64="GIW4TeY/zYVgiVDhDVYF1KFAdrA=">AAACEnicdVDLSgNBEJyNrxhfUY9eBoMQL2FXBD1GvHiMYB6QrGF2MpsMmZ1ZZnqFsOQvPHjVz/AmXv0Bv8JfcDbZgyZa0FBUdTfdFcSCG3DdT6ewsrq2vlHcLG1t7+zulfcPWkYlmrImVULpTkAME1yyJnAQrBNrRqJAsHYwvs789gPThit5B5OY+REZSh5ySsBK91e1HkAaaiVhWj3tlytuzZ0BLxMvJxWUo9Evf/UGiiYRk0AFMabruTH4KdHAqWDTUi8xLCZ0TIasa6kkETN+Ort6ik+sMsCh0rYk4Jn6cyIlkTGTKLCdEYGRWfQy8T8v22j+MrsJhJd+ymWcAJN0fkWYCAwKZ/ngAdeMgphYQqjm9hFMR0QTCjbFkk3IW8xjmbTOap5b827PK/VGnlURHaFjVEUeukB1dIMaqIko0ugJPaMX59F5dd6c93lrwclnDtEvOB/fGm6eKw==</latexit><latexit sha1_base64="GIW4TeY/zYVgiVDhDVYF1KFAdrA=">AAACEnicdVDLSgNBEJyNrxhfUY9eBoMQL2FXBD1GvHiMYB6QrGF2MpsMmZ1ZZnqFsOQvPHjVz/AmXv0Bv8JfcDbZgyZa0FBUdTfdFcSCG3DdT6ewsrq2vlHcLG1t7+zulfcPWkYlmrImVULpTkAME1yyJnAQrBNrRqJAsHYwvs789gPThit5B5OY+REZSh5ySsBK91e1HkAaaiVhWj3tlytuzZ0BLxMvJxWUo9Evf/UGiiYRk0AFMabruTH4KdHAqWDTUi8xLCZ0TIasa6kkETN+Ort6ik+sMsCh0rYk4Jn6cyIlkTGTKLCdEYGRWfQy8T8v22j+MrsJhJd+ymWcAJN0fkWYCAwKZ/ngAdeMgphYQqjm9hFMR0QTCjbFkk3IW8xjmbTOap5b827PK/VGnlURHaFjVEUeukB1dIMaqIko0ugJPaMX59F5dd6c93lrwclnDtEvOB/fGm6eKw==</latexit><latexit sha1_base64="GIW4TeY/zYVgiVDhDVYF1KFAdrA=">AAACEnicdVDLSgNBEJyNrxhfUY9eBoMQL2FXBD1GvHiMYB6QrGF2MpsMmZ1ZZnqFsOQvPHjVz/AmXv0Bv8JfcDbZgyZa0FBUdTfdFcSCG3DdT6ewsrq2vlHcLG1t7+zulfcPWkYlmrImVULpTkAME1yyJnAQrBNrRqJAsHYwvs789gPThit5B5OY+REZSh5ySsBK91e1HkAaaiVhWj3tlytuzZ0BLxMvJxWUo9Evf/UGiiYRk0AFMabruTH4KdHAqWDTUi8xLCZ0TIasa6kkETN+Ort6ik+sMsCh0rYk4Jn6cyIlkTGTKLCdEYGRWfQy8T8v22j+MrsJhJd+ymWcAJN0fkWYCAwKZ/ngAdeMgphYQqjm9hFMR0QTCjbFkk3IW8xjmbTOap5b827PK/VGnlURHaFjVEUeukB1dIMaqIko0ugJPaMX59F5dd6c93lrwclnDtEvOB/fGm6eKw==</latexit>

<latexit sha1_base64="o1j39tRBqDo49lpgo3tUM6Yn91k=">AAACA3icbVDJSgNBEO2JW4zbqDe9NAYhXsKMuB0jXjwmYBZIQujp1CRNeha6a5QwBLz4K148KOLVn/Dm39hZDpr4oODxXhVV9bxYCo2O821llpZXVtey67mNza3tHXt3r6ajRHGo8khGquExDVKEUEWBEhqxAhZ4Eure4Gbs1+9BaRGFdziMoR2wXih8wRkaqWMfXNOWBB+ZUtEDTVuItJJAAqPCScfOO0VnArpI3BnJkxnKHfur1Y14EkCIXDKtm64TYztlCgWXMMq1Eg0x4wPWg6ahIQtAt9PJDyN6bJQu9SNlKkQ6UX9PpCzQehh4pjNg2Nfz3lj8z2sm6F+1UxHGCULIp4v8RFKM6DgQ2hUKOMqhIYwrYW6lvM8U42hiy5kQ3PmXF0nttOheFM8rZ/lSeRZHlhySI1IgLrkkJXJLyqRKOHkkz+SVvFlP1ov1bn1MWzPWbGaf/IH1+QMB9pcs</latexit>

A Queue()



Queue Implementation

The ADT of a queue is a subset of that of a deque or linked list.

5
<latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit><latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit><latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit><latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit>

8
<latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit><latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit><latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit><latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit>

0
<latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit><latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit><latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit><latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit>

11
<latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit><latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit><latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit><latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit> 22

<latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit><latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit><latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit><latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit>

Queue Deque
<latexit sha1_base64="LHxr/VBpiAbE5s/8nAckqQJL4rc=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiTia1lw47KCfUATwmQ6bYdOJmHmRgyh/oobF4q49UPc+TdO2yy09cCFwzn3ztx7wkRwDY7zba2srq1vbJa2yts7u3v79sFhW8epoqxFYxGrbkg0E1yyFnAQrJsoRqJQsE44vpn6nQemNI/lPWQJ8yMylHzAKQEjBXYl9wBwkuqRF4SEjie1x9PArjp1Zwa8TNyCVFGBZmB/ef2YphGTQAXRuuc6Cfg5UcCpYJOyl2qWmMfJkPUMlSRi2s9ny0/wiVH6eBArUxLwTP09kZNI6ywKTWdEYKQXvan4n9dLYXDt51wmKTBJ5x8NUoEhxtMkcJ8rRkFkhhCquNkV0xFRhILJq2xCcBdPXibts7p7Wb+4O682mkUcJXSEjlENuegKNdAtaqIWoihDz+gVvVlP1ov1bn3MW1esYqaC/sD6/AF0DZSy</latexit>

push back(x)
<latexit sha1_base64="L2QyEdsv62DnyA0cxmHbDrnm2p8=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PAi8cI5gHJEmYnk2TI7Ow60xsMS77DiwdFvPox3vwbJ8keNLGgoajqprsriKUw6Lrfzsrq2vrGZm4rv72zu7dfODismyjRjNdYJCPdDKjhUiheQ4GSN2PNaRhI3giGt1O/MeLaiEg94Djmfkj7SvQEo2glP20jkjgxg0np6axTKLpldwayTLyMFCFDtVP4ancjloRcIZPUmJbnxuinVKNgkk/y7cTwmLIh7fOWpYqG3Pjp7OgJObVKl/QibUshmam/J1IaGjMOA9sZUhyYRW8q/ue1Euzd+KlQcYJcsfmiXiIJRmSaAOkKzRnKsSWUaWFvJWxANWVoc8rbELzFl5dJ/bzsXZUv7y+KlWoWRw6O4QRK4ME1VOAOqlADBo/wDK/w5oycF+fd+Zi3rjjZzBH8gfP5A33ekfk=</latexit>

push(x)

<latexit sha1_base64="4V5k3U5my30QWdWOtBoydTGiVZY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNyURX8uCG8FNBfuAJoTJdNIOnTyYuRFDqL/ixoUibv0Qd/6N0zYLbT1w4XDOvTP3Hj8RXIFlfRulldW19Y3yZmVre2d3z9w/6Kg4lZS1aSxi2fOJYoJHrA0cBOslkpHQF6zrj6+nfveBScXj6B6yhLkhGUY84JSAljyzmjsAOEnVyPF8QseT+uOJZ9ashjUDXiZ2QWqoQMszv5xBTNOQRUAFUapvWwm4OZHAqWCTipMqlujHyZD1NY1IyJSbz5af4GOtDHAQS10R4Jn6eyInoVJZ6OvOkMBILXpT8T+vn0Jw5eY8SlJgEZ1/FKQCQ4ynSeABl4yCyDQhVHK9K6YjIgkFnVdFh2AvnrxMOqcN+6JxfndWa94WcZTRITpCdWSjS9REN6iF2oiiDD2jV/RmPBkvxrvxMW8tGcVMFf2B8fkDcoyUrQ==</latexit>

push back(x)

front back



Queue Implementation

The ADT of a stack is a subset of that of a deque or linked list.

5
<latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit><latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit><latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit><latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit>

8
<latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit><latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit><latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit><latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit>

0
<latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit><latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit><latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit><latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit>

11
<latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit><latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit><latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit><latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit> 22

<latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit><latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit><latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit><latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit>

Queue Deque
<latexit sha1_base64="JXNJBnYlNqwQfK8ZemhqHZoCSJg=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiDES5gRt2PAi8cIZoFkCD2dnqRJT8/YXRMIQ77DiwdFvPox3vwbO8tBEx8UPN6roqpekEhh0HW/ndza+sbmVn67sLO7t39QPDxqmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGd1O/OeLaiFg94jjhfkT7SoSCUbSSn3UQSahjhZPyebdYcivuDGSVeAtSggVq3eJXpxezNOIKmaTGtD03QT+jGgWTfFLopIYnlA1pn7ctVTTixs9mR0/ImVV6JIy1LYVkpv6eyGhkzDgKbGdEcWCWvan4n9dOMbz1M6GSFLli80VhKgnGZJoA6QnNGcqxJZRpYW8lbEA1ZWhzKtgQvOWXV0njouJdV64eLkvV2iKOPJzAKZTBgxuowj3UoA4MnuAZXuHNGTkvzrvzMW/NOYuZY/gD5/MHZw2R6g==</latexit>

front()
<latexit sha1_base64="DiuzajNFxJeLRXoVNsk11817zwc=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoMQL2FXfB0DXjxGMA/IhjA76U2GzM4uM71CWPIbXjwo4tWf8ebfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUc2jyWMa6EzADUihookAJnUQDiwIJ7WB8N/PbT6CNiNUjThLoRWyoRCg4Qyv5mY9Ih4DTqnveL1fcmjsHXSVeTiokR6Nf/vIHMU8jUMglM6bruQn2MqZRcAnTkp8aSBgfsyF0LVUsAtPL5jdP6ZlVBjSMtS2FdK7+nshYZMwkCmxnxHBklr2Z+J/XTTG87WVCJSmC4otFYSopxnQWAB0IDRzlxBLGtbC3Uj5imnG0MZVsCN7yy6ukdVHzrmtXD5eVeiOPo0hOyCmpEo/ckDq5Jw3SJJwk5Jm8kjcndV6cd+dj0Vpw8plj8gfO5w8kFJEn</latexit>

get(0)

<latexit sha1_base64="hduLMdfgc1eXPiiK+GkcOUvVjHM=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PAi+AlgnlAdgmzk0kyZHZ2mekVwpLf8OJBEa/+jDf/xkmyB00saCiquunuChMpDLrut7Oyura+sVnYKm7v7O7tlw4OmyZONeMNFstYt0NquBSKN1Cg5O1EcxqFkrfC0e3Ubz1xbUSsHnGc8CCiAyX6glG0kp/5iGTAcVJxz7qlslt1ZyDLxMtJGXLUu6UvvxezNOIKmaTGdDw3wSCjGgWTfFL0U8MTykZ0wDuWKhpxE2Szmyfk1Co90o+1LYVkpv6eyGhkzDgKbWdEcWgWvan4n9dJsX8TZEIlKXLF5ov6qSQYk2kApCc0ZyjHllCmhb2VsCHVlKGNqWhD8BZfXibN86p3Vb18uCjX7vM4CnAMJ1ABD66hBndQhwYwSOAZXuHNSZ0X5935mLeuOPnMEfyB8/kDIpORIg==</latexit>

get(0)

front back



Queue Implementation

The ADT of a stack is a subset of that of a deque or linked list.

5
<latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit><latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit><latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit><latexit sha1_base64="f0wJi0SNhqzo4Xhwn59VcXT9d40=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKoseAF48JmAckS5iddJIhs7PLzKwQlpw9eNXP8CZe/Q6/wl9wNtmDJlrQUFR1N90VxIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJQohk0WiUh1AqpRcIlNw43ATqyQhoHAdjC5zfz2AyrNI3lvpjH6IR1JPuSMGis1rvrlilt15yCrxMtJBXLU++Wv3iBiSYjSMEG17npubPyUKsOZwFmpl2iMKZvQEXYtlTRE7afzQ2fkzCoDMoyULWnIXP05kdJQ62kY2M6QmrFe9jLxPy/bqP8yu4kZ3vgpl3FiULLFFcNEEBORLBIy4AqZEVNLKFPcPkLYmCrKjA2uZBPylvNYJa2LqudWvcZlpVbPsyrCCZzCOXhwDTW4gzo0gQHCEzzDi/PovDpvzvuiteDkM8fwC87HNwuLmLk=</latexit>

8
<latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit><latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit><latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit><latexit sha1_base64="lg9l/D+WTWuq0OZdM0G7IfipiAc=">AAACBXicdVDLSgNBEOyNrxhfUY9eBoPgKeyKYI4BLx4TMA9IQpid9CZDZmeXmVkhLDl78Kqf4U28+h1+hb/gbLIHTbSgoajqbrrLjwXXxnU/ncLG5tb2TnG3tLd/cHhUPj5p6yhRDFssEpHq+lSj4BJbhhuB3VghDX2BHX96m/mdB1SaR/LezGIchHQsecAZNVZq1oblilt1FyDrxMtJBXI0huWv/ihiSYjSMEG17nlubAYpVYYzgfNSP9EYUzalY+xZKmmIepAuDp2TC6uMSBApW9KQhfpzIqWh1rPQt50hNRO96mXif162Uf9l9hIT1AYpl3FiULLlFUEiiIlIFgkZcYXMiJkllCluHyFsQhVlxgZXsgl5q3msk/ZV1XOrXvO6Um/kWRXhDM7hEjy4gTrcQQNawADhCZ7hxXl0Xp03533ZWnDymVP4BefjGxBumLw=</latexit>

0
<latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit><latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit><latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit><latexit sha1_base64="TUqLBeGlHVThN4HII6W2GbEhPVk=">AAACBXicdVBNS8NAEJ34WetX1aOXxSJ4KokIeix48diC/YA2lM120i7dbMLuRiihZw9e9Wd4E6/+Dn+Ff8FNm4O2+mDg8d7MMPOCRHBtXPfTWVvf2NzaLu2Ud/f2Dw4rR8dtHaeKYYvFIlbdgGoUXGLLcCOwmyikUSCwE0xuc7/zgErzWN6baYJ+REeSh5xRY6WmO6hU3Zo7B1klXkGqUKAxqHz1hzFLI5SGCap1z3MT42dUGc4Ezsr9VGNC2YSOsGeppBFqP5sfOiPnVhmSMFa2pCFz9edERiOtp1FgOyNqxnrZy8X/vHyj/svspSa88TMuk9SgZIsrwlQQE5M8EjLkCpkRU0soU9w+QtiYKsqMDa5sE/KW81gl7cua59a85lW13iiyKsEpnMEFeHANdbiDBrSAAcITPMOL8+i8Om/O+6J1zSlmTuAXnI9vA2aYtA==</latexit>

11
<latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit><latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit><latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit><latexit sha1_base64="nau/L1WobdNhGfz7dvso+pOeVWA=">AAACBnicdVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeCF49VbCu0S8mm2TY0myxJVihL7x686s/wJl79G/4K/4LZdg/a6oOBx3szw8wLE8GN9f1Pr7Syura+Ud6sbG3v7O5V9w/aRqWashZVQun7kBgmuGQty61g94lmJA4F64Tjq9zvPDBtuJJ3dpKwICZDySNOiXXSLcb9as2v+zOgZYILUoMCzX71qzdQNI2ZtFQQY7rYT2yQEW05FWxa6aWGJYSOyZB1HZUkZibIZpdO0YlTBihS2pW0aKb+nMhIbMwkDl1nTOzILHq5+J+XbzR/md3URpdBxmWSWibp/IooFcgqlGeCBlwzasXEEUI1d48gOiKaUOuSq7iE8GIey6R9Vsd+Hd+c1xrNIqsyHMExnAKGC2jANTShBRQieIJnePEevVfvzXuft5a8YuYQfsH7+AZ6Cpjw</latexit> 22

<latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit><latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit><latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit><latexit sha1_base64="FN5Qj+p5toLbNVAxK3lSIiecpRk=">AAACBnicdVDLSgNBEOyNrxhfUY9eBoPgKewGQY8BLx6jmAckS5id9CZDZmeXmVkhhNw9eNXP8CZe/Q2/wl9wNtmDJlrQUFR1N90VJIJr47qfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+zvz2AyrNY3lvJgn6ER1KHnJGjZXuarV+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxh/SpXhTOCs1Es1JpSN6RC7lkoaofan80tn5MwqAxLGypY0ZK7+nJjSSOtJFNjOiJqRXvYy8T8v26j/MrupCa/8KZdJalCyxRVhKoiJSZYJGXCFzIiJJZQpbh8hbEQVZcYmV7IJect5rJJWreq5Ve/2olJv5FkV4QRO4Rw8uIQ63EADmsAghCd4hhfn0Xl13pz3RWvByWeO4Recj299TZjy</latexit>

Queue Deque

front back
<latexit sha1_base64="OkehjNYeespkNeCknd29me5v8T0=">AAAB+3icbVDLSgNBEJz1GeMrxqOXwSDES9gVX8eAF8FLBPOAbAizk9lkyOzMMtMrhmV/xYsHRbz6I978GyfJHjSxoKGo6qa7K4gFN+C6387K6tr6xmZhq7i9s7u3Xzoot4xKNGVNqoTSnYAYJrhkTeAgWCfWjESBYO1gfDP1249MG67kA0xi1ovIUPKQUwJW6pfKqQ+AYxX7/VArCVn1tF+quDV3BrxMvJxUUI5Gv/TlDxRNIiaBCmJM13Nj6KVEA6eCZUU/MSwmdEyGrGupJBEzvXR2e4ZPrDLAodK2JOCZ+nsiJZExkyiwnRGBkVn0puJ/XjeB8LqXchknwCSdLwoTgUHhaRB4wDWjICaWEKq5vRXTEdGEgo2raEPwFl9eJq2zmndZu7g/r9Tv8jgK6Agdoyry0BWqo1vUQE1E0RN6Rq/ozcmcF+fd+Zi3rjj5zCH6A+fzB8v2lFI=</latexit>

pop front()

<latexit sha1_base64="OhSGOUdJMsl8q/2KVNeXmRFD8XY=">AAAB+3icbVDLSgNBEJyNrxhfMR69DAYhXsKu+DoGvHiMYB6QDWF2MpsMmZ1ZZnrFsOyvePGgiFd/xJt/4yTZgyYWNBRV3XR3BbHgBlz32ymsrW9sbhW3Szu7e/sH5cNK26hEU9aiSijdDYhhgkvWAg6CdWPNSBQI1gkmtzO/88i04Uo+wDRm/YiMJA85JWClQbmS+gA4VrE/CLWSkNXOBuWqW3fnwKvEy0kV5WgOyl/+UNEkYhKoIMb0PDeGfko0cCpYVvITw2JCJ2TEepZKEjHTT+e3Z/jUKkMcKm1LAp6rvydSEhkzjQLbGREYm2VvJv7n9RIIb/opl3ECTNLFojARGBSeBYGHXDMKYmoJoZrbWzEdE00o2LhKNgRv+eVV0j6ve1f1y/uLaqOZx1FEx+gE1ZCHrlED3aEmaiGKntAzekVvTua8OO/Ox6K14OQzR+gPnM8fzXeUVw==</latexit>

pop front()
<latexit sha1_base64="rTwyB8lr49+HezxcS47lcZGgNZY=">AAAB8nicbVDLSgMxFM3UV62vqks3wSLUTZkRX8uCG5cV7AOmQ8mkaRuaSUJyRyhDP8ONC0Xc+jXu/BvTdhbaeuDC4Zx7ufeeWAtuwfe/vcLa+sbmVnG7tLO7t39QPjxqWZUayppUCWU6MbFMcMmawEGwjjaMJLFg7Xh8N/PbT8xYruQjTDSLEjKUfMApASeFWRcAa6Wn1fNeueLX/DnwKglyUkE5Gr3yV7evaJowCVQQa8PA1xBlxACngk1L3dQyTeiYDFnoqCQJs1E2P3mKz5zSxwNlXEnAc/X3REYSaydJ7DoTAiO77M3E/7wwhcFtlHGpU2CSLhYNUoFB4dn/uM8NoyAmjhBquLsV0xExhIJLqeRCCJZfXiWti1pwXbt6uKzUG3kcRXSCTlEVBegG1dE9aqAmokihZ/SK3jzwXrx372PRWvDymWP0B97nD8lekPw=</latexit>

pop()



C++ std::queue

The standard library implements a queue in std::queue.

As with std::stack, this is a container adaptor: just a thin wrapper around 
another container, either std::deque or std::list.

Using std::queue we give up operations compared to a std::deque, without 
any gain in efficiency.

It can also make our program hard to debug as we cannot see what is 
in the queue without destroying it.


