
Templates



Swap Function

https://godbolt.org/z/vszT69xz1                                                 

Here we have a function that swaps the values of two ints.

But a swap function is useful for many different types…



Swap Function

The only thing changing in this code is the type.

Is there a way to save us having to write this function over and over with
different types?

Yes, templates!



Templates

A template gives us a parameter to represent a type.  This parameter can 
be instantiated with different types.  

https://godbolt.org/z/c35fcKxvr

We can also omit the type inside the angle brackets: the compiler can 
deduce it.  



Templates

The compiler will explicitly write a version of the function for every type 
needed.  

https://godbolt.org/z/c35fcKxvr

A template moves the work of instantiating the code with different types 
from the programmer to the compiler.  



Print Function

We can write a function to print a vector containing any type of element.

https://godbolt.org/z/fW914PEb7

Here T stands for the type of elements in the vector.



Print Function

The compiler can deduce the type of element in the container.  We can use 
auto in the for loop instead.



Print Function

As of C++20 you can also use auto in the parameter list too!

https://godbolt.org/z/6q8n6eM4f

This prints out the contents of any container that allows range-based for 
loops.

The auto syntax is easier than using a template type for the container and 
for the type of element in the container.



Back to Swap

A difference between auto and explicitly using a template type is that with a 
template we can express that the type of x and y is the same.

auto here allows x and y to be of different types, which may not compile.

https://godbolt.org/z/z469b6d1z



Templated Class
We can also use templates in defining a class.

We can upgrade our MyInteger class to be a wrapper around an arbitrary 
type, rather than just an integer.

We follow the exposition of Stepanov to create a templated “Singleton” class.

Efficient Programming with Components, Lecture 2 Part 1



Templated Class
We can also use templates in defining a class.

We can upgrade our MyInteger class to be a wrapper around an arbitrary 
type, rather than just an integer.

We follow the exposition of Stepanov to create a templated “Singleton” class.

Efficient Programming with Components, Lecture 2 Part 1



We can make this a templated class to 
allow not just an int but any type*.

*what operations must a type allow for this to work?



Doing this is as easy as replacing int 
everywhere with T.

We can instantiate this class as

The type in the angle brackets can 
also be omitted.



Iterators



Find
Let’s say we have an array and we want to determine if it contains a given 
element.

Let’s consider a general version of the problem where we search in a 
range of elements in the array specified by two pointers.

<latexit sha1_base64="yrsIv4En9MsVX3Faqi4xFBKC49I=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAS44RzAOTJcxOZpMhs7PLTK8QlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6wEnC/YgOlQgFo2ilxx5iFgptcNovV9yqOwdZJV5OKpCj0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXUkUjbvxsfvGUnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNbPxMqSZErtlgUppJgTGbvk4HQnKGcWEKZFvZWwkZUU4Y2pJINwVt+eZW0LqredfXq/rJSq+dxFOEETuEcPLiBGtShAU1goOAZXuHNMc6L8+58LFoLTj5zDH/gfP4APPeRUg==</latexit>

first
<latexit sha1_base64="v4r25DoP3gIM2V1jq3gAaAOvZ7s=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAS44RzEOSJcxOZpMhM7vLTK8QlnyFFw+KePVzvPk3TpI9aGLBQFHV3dNdQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGSxHxJgqUvJNoTlUgeTsY38389hPXRsTRA04S7is6jEQoGEUrPfYQM0kNTvvlilt15yCrxMtJBXI0+uWv3iBmqeIRMjvBdD03QT+jGgWTfFrqpYYnlI3pkHctjajixs/mC0/JmVUGJIy1fRGSufq7I6PKmIkKbKWiODLL3kz8z+umGN76mYiSFHnEFh+FqSQYk9n1ZCA0ZygnllCmhd2VsBHVlKHNqGRD8JZPXiWti6p3Xb26v6zU6nkcRTiBUzgHD26gBnVoQBMYKHiGV3hztPPivDsfi9KCk/ccwx84nz9kQJDU</latexit>

last

We will use a half-open range: from           up to but not including        .<latexit sha1_base64="yrsIv4En9MsVX3Faqi4xFBKC49I=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAS44RzAOTJcxOZpMhs7PLTK8QlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6wEnC/YgOlQgFo2ilxx5iFgptcNovV9yqOwdZJV5OKpCj0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXUkUjbvxsfvGUnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNbPxMqSZErtlgUppJgTGbvk4HQnKGcWEKZFvZWwkZUU4Y2pJINwVt+eZW0LqredfXq/rJSq+dxFOEETuEcPLiBGtShAU1goOAZXuHNMc6L8+58LFoLTj5zDH/gfP4APPeRUg==</latexit>

first
<latexit sha1_base64="v4r25DoP3gIM2V1jq3gAaAOvZ7s=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAS44RzEOSJcxOZpMhM7vLTK8QlnyFFw+KePVzvPk3TpI9aGLBQFHV3dNdQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGSxHxJgqUvJNoTlUgeTsY38389hPXRsTRA04S7is6jEQoGEUrPfYQM0kNTvvlilt15yCrxMtJBXI0+uWv3iBmqeIRMjvBdD03QT+jGgWTfFrqpYYnlI3pkHctjajixs/mC0/JmVUGJIy1fRGSufq7I6PKmIkKbKWiODLL3kz8z+umGN76mYiSFHnEFh+FqSQYk9n1ZCA0ZygnllCmhd2VsBHVlKHNqGRD8JZPXiWti6p3Xb26v6zU6nkcRTiBUzgHD26gBnVoQBMYKHiGV3hztPPivDsfi9KCk/ccwx84nz9kQJDU</latexit>

last

<latexit sha1_base64="InmSF5Ug6VmsMpoDTI7kdn9rPN4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNokcSLxwhkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT+7nffkKleSQfzDRGP6QjyYecUWOlRqVfLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO881Mu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1K+aVyXqrUsjjycwTlcgge3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AIc/jMo=</latexit>

6
<latexit sha1_base64="Iw+ib6HLA0fFKlQj9cNq+R9o7Dg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx4yTEB84BkCbOT3mTM7OwyMyuEJV/gxYMiXv0kb/6Nk2QPmljQUFR1090VJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjnZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxXvpnLduCpXa3kcBTiFM7gAD26hCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfieMxA==</latexit>

0
<latexit sha1_base64="lbyDywxzwuPFlVZZkQL+26idgsY=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBC8GHbF1zHgJcco5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobuq3nlBpHstHM07Qj+hA8pAzaqz0cO71SmW34s5AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZpdOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhrZ9xmaQGJZsvClNBTEymb5M+V8iMGFtCmeL2VsKGVFFmbDhFG4K3+PIyaV5UvOvK1f1luVrL4yjAMZzAGXhwA1WoQR0awCCEZ3iFN2fkvDjvzse8dcXJZ47gD5zPH+jwjPw=</latexit>�1

<latexit sha1_base64="ZUq2+mIEel8xge4XqmHl1XEkf2w=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKz1vAS44JmAckS5id9CZjZmeXmVkhhHyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hofua3nlBpHssHM07Qj+hA8pAzaqxUv+sVS27ZnYOsEi8jJchQ6xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+hMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzYuyd12+ql+WKtUsjjycwCmcgwc3UIEq1KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AIvLjM0=</latexit>

9
<latexit sha1_base64="zQDHnC9Wsrrlj7yC2rXTgF/8c9o=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9H0m8cIREHglsyOzQCyOzs5uZWRNC+AIvHjTGq5/kzb9xgD0oWEknlarudHcFieDauO63k1tb39jcym8Xdnb39g+Kh0dNHaeKYYPFIlbtgGoUXGLDcCOwnSikUSCwFYzuZ37rCZXmsXww4wT9iA4kDzmjxkr1y16x5JbdOcgq8TJSggy1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzQ6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGdP+EySQ1KtlgUpoKYmMy+Jn2ukBkxtoQyxe2thA2poszYbAo2BG/55VXSvCh7N+Xr+lWpUs3iyMMJnMI5eHALFahCDRrAAOEZXuHNeXRenHfnY9Gac7KZY/gD5/MHgrOMxw==</latexit>

3
<latexit sha1_base64="nCWfWen4ui/9rqwe8ZLNSoI/dro=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaND44kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpTkA1Ci6xabgR2IkV0jAQ2A4m93O//YRK80g+mGmMfkhHkg85o8ZKjUq/WHLL7gJknXgZKUGGer/41RtELAlRGiao1l3PjY2fUmU4Ezgr9BKNMWUTOsKupZKGqP10ceiMXFhlQIaRsiUNWai/J1Iaaj0NA9sZUjPWq95c/M/rJmZY8VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldl77Z807guVWtZHHk4g3O4BA/uoAo1qEMTGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AIpHjMw=</latexit>

8
<latexit sha1_base64="GAZ7YgcbpiVnkKdrn+GhOI2NDvc=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHxRHbxeSTxwhGNPBLYkNmhFybMzm5mZk0I4Q+8eNAYr/6RN//GAfagYCWdVKq6090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/mtJ1Sax/LRjBP0IzqQPOSMGis9VC56xZJbducgq8TLSAky1HvFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzC+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSEt/6EyyQ1KNliUZgKYmIye5v0uUJmxNgSyhS3txI2pIoyY8Mp2BC85ZdXSbNS9q7LV/eXpWotiyMPJ3AK5+DBDVShBnVoAIMQnuEV3pyR8+K8Ox+L1pyTzRzDHzifP/ORjQM=</latexit>

23
<latexit sha1_base64="KC0kS8F2v/uMV5thKQm4oW6J5go=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHxRHYJPo4kXjiikUcCGzI7zMKE2dnNTK8JIfyBFw8a49U/8ubfOMAeFKykk0pVd7q7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYjVI04S7kd0qEQoGEUrPVQr/WLJLbsLkHXiZaQEGRr94ldvELM04gqZpMZ0PTdBf0o1Cib5rNBLDU8oG9Mh71qqaMSNP11cOiMXVhmQMNa2FJKF+ntiSiNjJlFgOyOKI7PqzcX/vG6K4a0/FSpJkSu2XBSmkmBM5m+TgdCcoZxYQpkW9lbCRlRThjacgg3BW315nbQqZe+6fHVfLdXqWRx5OINzuAQPbqAGdWhAExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AH1F40E</latexit>

42



Find

If value is not found in the range we return        .

This serves as a sentinel value as it is not part of the range.

<latexit sha1_base64="v4r25DoP3gIM2V1jq3gAaAOvZ7s=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAS44RzEOSJcxOZpMhM7vLTK8QlnyFFw+KePVzvPk3TpI9aGLBQFHV3dNdQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGSxHxJgqUvJNoTlUgeTsY38389hPXRsTRA04S7is6jEQoGEUrPfYQM0kNTvvlilt15yCrxMtJBXI0+uWv3iBmqeIRMjvBdD03QT+jGgWTfFrqpYYnlI3pkHctjajixs/mC0/JmVUGJIy1fRGSufq7I6PKmIkKbKWiODLL3kz8z+umGN76mYiSFHnEFh+FqSQYk9n1ZCA0ZygnllCmhd2VsBHVlKHNqGRD8JZPXiWti6p3Xb26v6zU6nkcRTiBUzgHD26gBnVoQBMYKHiGV3hztPPivDsfi9KCk/ccwx84nz9kQJDU</latexit>

last

https://godbolt.org/z/4TxzGKWY6



Find

Find is a natural operation that we might want to implement for any 
container.

https://godbolt.org/z/4TxzGKWY6

Do we have to write a separate function for each container?



<latexit sha1_base64="WNIRkEUX/OBIw36Bb1wATXTCTcc=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiTii64KbtwIFewD2lAmk0k7dJIJMzeVEvspblwo4tYvceffOG2z0OqBC4dz7uXee/xEcA2O82UVVlbX1jeKm6Wt7Z3dPbu839IyVZQ1qRRSdXyimeAxawIHwTqJYiTyBWv7o+uZ3x4zpbmM72GSMC8ig5iHnBIwUt8uZz0ArCGo1caMglTTvl1xqs4c+C9xc1JBORp9+7MXSJpGLAYqiNZd10nAy4gCTgWblnqpZgmhIzJgXUNjEjHtZfPTp/jYKAEOpTIVA56rPycyEmk9iXzTGREY6mVvJv7ndVMIr7yMx0kKLKaLRWEqMEg8ywEHXJl/xcQQQhU3t2I6JIpQMGmVTAju8st/Seu06l5Uz+/OKvXbPI4iOkRH6AS56BLV0Q1qoCai6AE9oRf0aj1az9ab9b5oLVj5zAH6BevjG1KulBg=</latexit>

std :: vector

<latexit sha1_base64="akc1RQ2HeG4cPd9FSBgcLpZlUWs=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIL7oquHEjVLAPaEOZTCbt0MkkzNwINfRL3LhQxK2f4s6/cdJmodUDFw7n3Mu99/iJ4Boc58sqrayurW+UNytb2zu7VXtvv6PjVFHWprGIVc8nmgkuWRs4CNZLFCORL1jXn1znfveBKc1jeQ/ThHkRGUkeckrASEO7mg0AsIag0ci3zYZ2zak7c+C/xC1IDRVoDe3PQRDTNGISqCBa910nAS8jCjgVbFYZpJolhE7IiPUNlSRi2svmh8/wsVECHMbKlAQ8V39OZCTSehr5pjMiMNbLXi7+5/VTCK+8jMskBSbpYlGYCgwxzlPAAVeMgpgaQqji5lZMx0QRCiarignBXX75L+mc1t2L+vndWa15W8RRRofoCJ0gF12iJrpBLdRGFKXoCb2gV+vRerberPdFa8kqZg7QL1gf37aIky0=</latexit>

std :: list

<latexit sha1_base64="/dg0sY/Ka79sFCX6EGlH/g8KG8M=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwFGbEjZwCXrwIEcwCyRB6eipJk57F7ppAGPInXjwo4tU/8ebf2EnmoNEHBY/3qqiq5ydSaHScL6uwsrq2vlHcLG1t7+zu2fsHTR2nikODxzJWbZ9pkCKCBgqU0E4UsNCX0PJHNzO/NQalRRw94CQBL2SDSPQFZ2iknm1nXUSqMahWA3hMYdqzy07FmYP+JW5OyiRHvWd/doOYpyFEyCXTuuM6CXoZUyi4hGmpm2pIGB+xAXQMjVgI2svml0/piVEC2o+VqQjpXP05kbFQ60nom86Q4VAvezPxP6+TYv/ay0SUpAgRXyzqp5JiTGcx0EAo4CgnhjCuhLmV8iFTjKMJq2RCcJdf/kuaZxX3snJxf16u3eVxFMkROSanxCVXpEZuSZ00CCdj8kReyKuVWc/Wm/W+aC1Y+cwh+QXr4xtmmZOP</latexit>

std :: deque

<latexit sha1_base64="E1Vpm0G1tMeKEOAupweCgDL7DD0=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRLxRVcFN26ECvYBbSiTyaQdOpmEmZtCCP0TNy4UceufuPNvnLZZaOuBC4dz7uXee/xEcA2O822V1tY3NrfK25Wd3b39A/vwqK3jVFHWorGIVdcnmgkuWQs4CNZNFCORL1jHH9/N/M6EKc1j+QRZwryIDCUPOSVgpIFt530ArCGo14lSJJsO7KpTc+bAq8QtSBUVaA7sr34Q0zRiEqggWvdcJwEvJwo4FWxa6aeaJYSOyZD1DJUkYtrL55dP8ZlRAhzGypQEPFd/T+Qk0jqLfNMZERjpZW8m/uf1UghvvZzLJAUm6WJRmAoMMZ7FgAOuGAWRGUKo4uZWTEdEEQomrIoJwV1+eZW0L2rude3q8bLaeCjiKKMTdIrOkYtuUAPdoyZqIYom6Bm9ojcrt16sd+tj0Vqyiplj9AfW5w93WZOa</latexit>

std :: array

Containers
<latexit sha1_base64="yBMwyK4YQa6vkqCNqXFqlIcOOBs=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQyCp7Arvg4iAS9ehAjmAckSZieTZMjM7DLTq4Q1n+LFgyJe/RJv/o2TZA+aWNBQVHXT3RXGghvwvG8nt7S8srqWXy9sbG5t77jF3bqJEk1ZjUYi0s2QGCa4YjXgIFgz1ozIULBGOLye+I0Hpg2P1D2MYhZI0le8xykBK3Xc4mXaBsBE9CPNYSDHVx235JW9KfAi8TNSQhmqHfer3Y1oIpkCKogxLd+LIUiJBk4FGxfaiWExoUPSZy1LFZHMBOn09DE+tEoX9yJtSwGeqr8nUiKNGcnQdkoCAzPvTcT/vFYCvYsg5SpOgCk6W9RLBIYIT3LAXa4ZBTGyhFD7OqeYDogmFGxaBRuCP//yIqkfl/2z8undSalym8WRR/voAB0hH52jCrpBVVRDFD2iZ/SK3pwn58V5dz5mrTknm9lDf+B8/gA4YpQH</latexit>

< algorithm >

<latexit sha1_base64="RSFmhyMjo3ApUYfCtJMg+cxvKZ8=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKu+CKngBcvQgTzgGQJs7OTZMjszDLTK8QlX+LFgyJe/RRv/o2TZA8aLWgoqrrp7goTwQ143pdTWFldW98obpa2tnd2y+7efsuoVFPWpEoo3QmJYYJL1gQOgnUSzUgcCtYOx9czv/3AtOFK3sMkYUFMhpIPOCVgpb5bznoA2EBUqxmlYdp3K17VmwP/JX5OKihHo+9+9iJF05hJoIIY0/W9BIKMaOBUsGmplxqWEDomQ9a1VJKYmSCbHz7Fx1aJ8EBpWxLwXP05kZHYmEkc2s6YwMgsezPxP6+bwuAqyLhMUmCSLhYNUoFB4VkKOOKaURATSwjV3N6K6YhoQsFmVbIh+Msv/yWt06p/UT2/O6vUb/M4iugQHaET5KNLVEc3qIGaiKIUPaEX9Oo8Os/Om/O+aC04+cwB+gXn4xvI5JM5</latexit>

std :: sort

<latexit sha1_base64="HfQXhFnCLzexCyUYzztc+7FeT14=">AAAB+HicbVDJSgNBEK2JW4xLoh69NAbBU5gRN3IKePEiRDALJCH09PQkTXp6hu4aIQ75Ei8eFPHqp3jzb+wsB40+KHi8V0VVPT+RwqDrfjm5ldW19Y38ZmFre2e3WNrbb5o41Yw3WCxj3fap4VIo3kCBkrcTzWnkS97yR9dTv/XAtRGxusdxwnsRHSgRCkbRSv1SMesiEoNBtRoKFUz6pbJbcWcgf4m3IGVYoN4vfXaDmKURV8gkNabjuQn2MqpRMMknhW5qeELZiA54x1JFI2562ezwCTm2SkDCWNtSSGbqz4mMRsaMI992RhSHZtmbiv95nRTDq14mVJIiV2y+KEwlwZhMUyCB0JyhHFtCmRb2VsKGVFOGNquCDcFbfvkvaZ5WvIvK+d1ZuXa7iCMPh3AEJ+DBJdTgBurQAAYpPMELvDqPzrPz5rzPW3POYuYAfsH5+AaNapMS</latexit>

std :: find

<latexit sha1_base64="wRGZRvPj88Z9tbWoZrY1jNBIUBU=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVX+QU8OJFiGAekCxhdnaSDJmdWWZ6A2HJn3jxoIhX/8Sbf+Mk2YMmFjQUVd10d4WJ4AY879sprK1vbG4Vt0s7u3v7B+7hUdOoVFPWoEoo3Q6JYYJL1gAOgrUTzUgcCtYKR3czvzVm2nAln2CSsCAmA8n7nBKwUs91sy4ANhBVq1SlEqY9t+xVvDnwKvFzUkY56j33qxspmsZMAhXEmI7vJRBkRAOngk1L3dSwhNARGbCOpZLEzATZ/PIpPrNKhPtK25KA5+rviYzExkzi0HbGBIZm2ZuJ/3mdFPq3QcZlkgKTdLGonwoMCs9iwBHXjIKYWEKo5vZWTIdEEwo2rJINwV9+eZU0Lyr+deXq8bJce8jjKKITdIrOkY9uUA3dozpqIIrG6Bm9ojcnc16cd+dj0Vpw8plj9AfO5w+GnZOk</latexit>

std :: count

<latexit sha1_base64="JsGVC3KAyQQASRPzYxAgYo6y2PI=">AAAB+3icbVDJSgNBEO2JW4xbjEcvjUHwFGbEjZwCXrwIEcwCSRh6enqSJj3dQ3eNGIb5FS8eFPHqj3jzb+wsB40+KHi8V0VVvSAR3IDrfjmFldW19Y3iZmlre2d3r7xfaRuVaspaVAmluwExTHDJWsBBsG6iGYkDwTrB+Hrqdx6YNlzJe5gkbBCToeQRpwSs5JcrWR8AGwjrdSInfV9FuV+uujV3BvyXeAtSRQs0/fJnP1Q0jZkEKogxPc9NYJARDZwKlpf6qWEJoWMyZD1LJYmZGWSz23N8bJUQR0rbkoBn6s+JjMTGTOLAdsYERmbZm4r/eb0UoqtBxmWSApN0vihKBQaFp0HgkGtGQUwsIVRzeyumI6IJBRtXyYbgLb/8l7RPa95F7fzurNq4XcRRRIfoCJ0gD12iBrpBTdRCFD2iJ/SCXp3ceXbenPd5a8FZzBygX3A+vgHmd5Rn</latexit>

std :: any of

Algorithms

If we have     algorithms and     containers, we would have to write     
functions.

<latexit sha1_base64="7LB2ex2UIi/4VjBQSYSFOfddlgc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx4yTEB84BkCbOT3mTMzO4yMyuEJV/gxYMiXv0kb/6Nk2QPmljQUFR1090VJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BE2DTcCO4lCKgOB7WB8P/PbT6g0j6MHM0nQl3QY8ZAzaqzUkP1S2a24c5BV4uWkDDnq/dJXbxCzVGJkmKBadz03MX5GleFM4LTYSzUmlI3pELuWRlSi9rP5oVNybpUBCWNlKzJkrv6eyKjUeiID2ympGellbyb+53VTE975GY+S1GDEFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxXvpnLduCpXa3kcBTiFM7gAD26hCjWoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwB2puNAQ==</latexit>m <latexit sha1_base64="T7nU6A9+zgeKYMmsXQiHFVjfdRk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx4yTEB84BkCbOT3mTM7OwyMyuEJV/gxYMiXv0kb/6Nk2QPmljQUFR1090VJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/PbT6g0j+WDmSToR3QoecgZNVZqyH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzzMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4p3U7luXJWrtTyOApzCGVyAB7dQhRrUoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A3B+NAg==</latexit>n <latexit sha1_base64="uVL4MnkmeH1JPJtNj0EvrU1RGSI=">AAAB6nicbVDLSgMxFL3xWeur6tJNsAjiosyIr2XBTZcV7QPaoWTSTBuaZIYkI5Shn+DGhSJu/SJ3/o1pOwttPXDhcM693HtPmAhurOd9o5XVtfWNzcJWcXtnd2+/dHDYNHGqKWvQWMS6HRLDBFesYbkVrJ1oRmQoWCsc3U391hPThsfq0Y4TFkgyUDzilFgnPchz1SuVvYo3A14mfk7KkKPeK311+zFNJVOWCmJMx/cSG2REW04FmxS7qWEJoSMyYB1HFZHMBNns1Ak+dUofR7F2pSyeqb8nMiKNGcvQdUpih2bRm4r/eZ3URrdBxlWSWqbofFGUCmxjPP0b97lm1IqxI4Rq7m7FdEg0odalU3Qh+IsvL5PmRcW/rlzdX5artTyOAhzDCZyBDzdQhRrUoQEUBvAMr/CGBHpB7+hj3rqC8pkj+AP0+QML542t</latexit>m ⇤ n



Generic Programming
Start with a concrete algorithm.

Identify the primitive operations that make this algorithm work.

Generalize the algorithm to any type that supports those primitive operations.



Generic Programming

Let us abstract out the functionality provided by pointers here:

We can check if two pointers are equal.

We can increment a pointer (go to next element).

We can dereference a pointer.



Iterators
An iterator is like a generalized pointer, that supports these operations 
(and sometimes more).

Every C++ sequence container defines an iterator.

We can then write algorithms generically in terms of iterators.



<latexit sha1_base64="WNIRkEUX/OBIw36Bb1wATXTCTcc=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiTii64KbtwIFewD2lAmk0k7dJIJMzeVEvspblwo4tYvceffOG2z0OqBC4dz7uXee/xEcA2O82UVVlbX1jeKm6Wt7Z3dPbu839IyVZQ1qRRSdXyimeAxawIHwTqJYiTyBWv7o+uZ3x4zpbmM72GSMC8ig5iHnBIwUt8uZz0ArCGo1caMglTTvl1xqs4c+C9xc1JBORp9+7MXSJpGLAYqiNZd10nAy4gCTgWblnqpZgmhIzJgXUNjEjHtZfPTp/jYKAEOpTIVA56rPycyEmk9iXzTGREY6mVvJv7ndVMIr7yMx0kKLKaLRWEqMEg8ywEHXJl/xcQQQhU3t2I6JIpQMGmVTAju8st/Seu06l5Uz+/OKvXbPI4iOkRH6AS56BLV0Q1qoCai6AE9oRf0aj1az9ab9b5oLVj5zAH6BevjG1KulBg=</latexit>

std :: vector

<latexit sha1_base64="akc1RQ2HeG4cPd9FSBgcLpZlUWs=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KIL7oquHEjVLAPaEOZTCbt0MkkzNwINfRL3LhQxK2f4s6/cdJmodUDFw7n3Mu99/iJ4Boc58sqrayurW+UNytb2zu7VXtvv6PjVFHWprGIVc8nmgkuWRs4CNZLFCORL1jXn1znfveBKc1jeQ/ThHkRGUkeckrASEO7mg0AsIag0ci3zYZ2zak7c+C/xC1IDRVoDe3PQRDTNGISqCBa910nAS8jCjgVbFYZpJolhE7IiPUNlSRi2svmh8/wsVECHMbKlAQ8V39OZCTSehr5pjMiMNbLXi7+5/VTCK+8jMskBSbpYlGYCgwxzlPAAVeMgpgaQqji5lZMx0QRCiarignBXX75L+mc1t2L+vndWa15W8RRRofoCJ0gF12iJrpBLdRGFKXoCb2gV+vRerberPdFa8kqZg7QL1gf37aIky0=</latexit>

std :: list

<latexit sha1_base64="/dg0sY/Ka79sFCX6EGlH/g8KG8M=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwFGbEjZwCXrwIEcwCyRB6eipJk57F7ppAGPInXjwo4tU/8ebf2EnmoNEHBY/3qqiq5ydSaHScL6uwsrq2vlHcLG1t7+zu2fsHTR2nikODxzJWbZ9pkCKCBgqU0E4UsNCX0PJHNzO/NQalRRw94CQBL2SDSPQFZ2iknm1nXUSqMahWA3hMYdqzy07FmYP+JW5OyiRHvWd/doOYpyFEyCXTuuM6CXoZUyi4hGmpm2pIGB+xAXQMjVgI2svml0/piVEC2o+VqQjpXP05kbFQ60nom86Q4VAvezPxP6+TYv/ay0SUpAgRXyzqp5JiTGcx0EAo4CgnhjCuhLmV8iFTjKMJq2RCcJdf/kuaZxX3snJxf16u3eVxFMkROSanxCVXpEZuSZ00CCdj8kReyKuVWc/Wm/W+aC1Y+cwh+QXr4xtmmZOP</latexit>

std :: deque

<latexit sha1_base64="E1Vpm0G1tMeKEOAupweCgDL7DD0=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRLxRVcFN26ECvYBbSiTyaQdOpmEmZtCCP0TNy4UceufuPNvnLZZaOuBC4dz7uXee/xEcA2O822V1tY3NrfK25Wd3b39A/vwqK3jVFHWorGIVdcnmgkuWQs4CNZNFCORL1jHH9/N/M6EKc1j+QRZwryIDCUPOSVgpIFt530ArCGo14lSJJsO7KpTc+bAq8QtSBUVaA7sr34Q0zRiEqggWvdcJwEvJwo4FWxa6aeaJYSOyZD1DJUkYtrL55dP8ZlRAhzGypQEPFd/T+Qk0jqLfNMZERjpZW8m/uf1UghvvZzLJAUm6WJRmAoMMZ7FgAOuGAWRGUKo4uZWTEdEEQomrIoJwV1+eZW0L2rude3q8bLaeCjiKKMTdIrOkYtuUAPdoyZqIYom6Bm9ojcrt16sd+tj0Vqyiplj9AfW5w93WZOa</latexit>

std :: array

Containers
<latexit sha1_base64="yBMwyK4YQa6vkqCNqXFqlIcOOBs=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQyCp7Arvg4iAS9ehAjmAckSZieTZMjM7DLTq4Q1n+LFgyJe/RJv/o2TZA+aWNBQVHXT3RXGghvwvG8nt7S8srqWXy9sbG5t77jF3bqJEk1ZjUYi0s2QGCa4YjXgIFgz1ozIULBGOLye+I0Hpg2P1D2MYhZI0le8xykBK3Xc4mXaBsBE9CPNYSDHVx235JW9KfAi8TNSQhmqHfer3Y1oIpkCKogxLd+LIUiJBk4FGxfaiWExoUPSZy1LFZHMBOn09DE+tEoX9yJtSwGeqr8nUiKNGcnQdkoCAzPvTcT/vFYCvYsg5SpOgCk6W9RLBIYIT3LAXa4ZBTGyhFD7OqeYDogmFGxaBRuCP//yIqkfl/2z8undSalym8WRR/voAB0hH52jCrpBVVRDFD2iZ/SK3pwn58V5dz5mrTknm9lDf+B8/gA4YpQH</latexit>

< algorithm >

<latexit sha1_base64="RSFmhyMjo3ApUYfCtJMg+cxvKZ8=">AAAB+HicbVDLSgNBEJyNrxgfWfXoZTAInsKu+CKngBcvQgTzgGQJs7OTZMjszDLTK8QlX+LFgyJe/RRv/o2TZA8aLWgoqrrp7goTwQ143pdTWFldW98obpa2tnd2y+7efsuoVFPWpEoo3QmJYYJL1gQOgnUSzUgcCtYOx9czv/3AtOFK3sMkYUFMhpIPOCVgpb5bznoA2EBUqxmlYdp3K17VmwP/JX5OKihHo+9+9iJF05hJoIIY0/W9BIKMaOBUsGmplxqWEDomQ9a1VJKYmSCbHz7Fx1aJ8EBpWxLwXP05kZHYmEkc2s6YwMgsezPxP6+bwuAqyLhMUmCSLhYNUoFB4VkKOOKaURATSwjV3N6K6YhoQsFmVbIh+Msv/yWt06p/UT2/O6vUb/M4iugQHaET5KNLVEc3qIGaiKIUPaEX9Oo8Os/Om/O+aC04+cwB+gXn4xvI5JM5</latexit>

std :: sort

<latexit sha1_base64="HfQXhFnCLzexCyUYzztc+7FeT14=">AAAB+HicbVDJSgNBEK2JW4xLoh69NAbBU5gRN3IKePEiRDALJCH09PQkTXp6hu4aIQ75Ei8eFPHqp3jzb+wsB40+KHi8V0VVPT+RwqDrfjm5ldW19Y38ZmFre2e3WNrbb5o41Yw3WCxj3fap4VIo3kCBkrcTzWnkS97yR9dTv/XAtRGxusdxwnsRHSgRCkbRSv1SMesiEoNBtRoKFUz6pbJbcWcgf4m3IGVYoN4vfXaDmKURV8gkNabjuQn2MqpRMMknhW5qeELZiA54x1JFI2562ezwCTm2SkDCWNtSSGbqz4mMRsaMI992RhSHZtmbiv95nRTDq14mVJIiV2y+KEwlwZhMUyCB0JyhHFtCmRb2VsKGVFOGNquCDcFbfvkvaZ5WvIvK+d1ZuXa7iCMPh3AEJ+DBJdTgBurQAAYpPMELvDqPzrPz5rzPW3POYuYAfsH5+AaNapMS</latexit>

std :: find

<latexit sha1_base64="wRGZRvPj88Z9tbWoZrY1jNBIUBU=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVX+QU8OJFiGAekCxhdnaSDJmdWWZ6A2HJn3jxoIhX/8Sbf+Mk2YMmFjQUVd10d4WJ4AY879sprK1vbG4Vt0s7u3v7B+7hUdOoVFPWoEoo3Q6JYYJL1gAOgrUTzUgcCtYKR3czvzVm2nAln2CSsCAmA8n7nBKwUs91sy4ANhBVq1SlEqY9t+xVvDnwKvFzUkY56j33qxspmsZMAhXEmI7vJRBkRAOngk1L3dSwhNARGbCOpZLEzATZ/PIpPrNKhPtK25KA5+rviYzExkzi0HbGBIZm2ZuJ/3mdFPq3QcZlkgKTdLGonwoMCs9iwBHXjIKYWEKo5vZWTIdEEwo2rJINwV9+eZU0Lyr+deXq8bJce8jjKKITdIrOkY9uUA3dozpqIIrG6Bm9ojcnc16cd+dj0Vpw8plj9AfO5w+GnZOk</latexit>

std :: count

<latexit sha1_base64="JsGVC3KAyQQASRPzYxAgYo6y2PI=">AAAB+3icbVDJSgNBEO2JW4xbjEcvjUHwFGbEjZwCXrwIEcwCSRh6enqSJj3dQ3eNGIb5FS8eFPHqj3jzb+wsB40+KHi8V0VVvSAR3IDrfjmFldW19Y3iZmlre2d3r7xfaRuVaspaVAmluwExTHDJWsBBsG6iGYkDwTrB+Hrqdx6YNlzJe5gkbBCToeQRpwSs5JcrWR8AGwjrdSInfV9FuV+uujV3BvyXeAtSRQs0/fJnP1Q0jZkEKogxPc9NYJARDZwKlpf6qWEJoWMyZD1LJYmZGWSz23N8bJUQR0rbkoBn6s+JjMTGTOLAdsYERmbZm4r/eb0UoqtBxmWSApN0vihKBQaFp0HgkGtGQUwsIVRzeyumI6IJBRtXyYbgLb/8l7RPa95F7fzurNq4XcRRRIfoCJ0gD12iBrpBTdRCFD2iJ/SCXp3ceXbenPd5a8FZzBygX3A+vgHmd5Rn</latexit>

std :: any of

Algorithms

Iterators are the link between algorithms and containers in C++.

iterators

Each sequence container defines an iterator.

Algorithms are then generically written in terms of iterators*.



Types of Iterators
There is a hiccup in this nice picture.  We don’t want to pay any price in 
performance for a more generic algorithm.

The way we can access elements varies depending on the container.

In a singly linked list we can only move forward, not backward.

In a doubly linked list we can move forward or backward.

In a vector we can quickly jump to any element.

forward iterator

bidirectional iterator

random access iterator



As in our find example, many standard library algorithms work on a half-open
range specified by two iterators.

Half-Open Intervals

<latexit sha1_base64="yrsIv4En9MsVX3Faqi4xFBKC49I=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAS44RzAOTJcxOZpMhs7PLTK8QlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6wEnC/YgOlQgFo2ilxx5iFgptcNovV9yqOwdZJV5OKpCj0S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXUkUjbvxsfvGUnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNbPxMqSZErtlgUppJgTGbvk4HQnKGcWEKZFvZWwkZUU4Y2pJINwVt+eZW0LqredfXq/rJSq+dxFOEETuEcPLiBGtShAU1goOAZXuHNMc6L8+58LFoLTj5zDH/gfP4APPeRUg==</latexit>

first
<latexit sha1_base64="v4r25DoP3gIM2V1jq3gAaAOvZ7s=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAS44RzEOSJcxOZpMhM7vLTK8QlnyFFw+KePVzvPk3TpI9aGLBQFHV3dNdQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGSxHxJgqUvJNoTlUgeTsY38389hPXRsTRA04S7is6jEQoGEUrPfYQM0kNTvvlilt15yCrxMtJBXI0+uWv3iBmqeIRMjvBdD03QT+jGgWTfFrqpYYnlI3pkHctjajixs/mC0/JmVUGJIy1fRGSufq7I6PKmIkKbKWiODLL3kz8z+umGN76mYiSFHnEFh+FqSQYk9n1ZCA0ZygnllCmhd2VsBHVlKHNqGRD8JZPXiWti6p3Xb26v6zU6nkcRTiBUzgHD26gBnVoQBMYKHiGV3hztPPivDsfi9KCk/ccwx84nz9kQJDU</latexit>

last



Every sequence container provides two member functions that return an 
iterator,           and      .

Begin and End

<latexit sha1_base64="TuEXIl6Z/IEHkc4rSvWzgHbEWAc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BItQLyURv44FLz1WsB/QhrLZTtqlm03YnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgkRwja77bRU2Nre2d4q7pb39g8Mj+/ikpeNUMWiyWMSqE1ANgktoIkcBnUQBjQIB7WD8MPfbE1Cax/IJpwn4ER1KHnJG0Uh92+4hZhNg1QCGXM4ql3277FbdBZx14uWkTHI0+vZXbxCzNAKJTFCtu56boJ9RhZwJmJV6qYaEsjEdQtdQSSPQfra4fOZcGGXghLEyJdFZqL8nMhppPY0C0xlRHOlVby7+53VTDO/9jMskRZBsuShMhYOxM4/BGXAFDMXUEMoUN7c6bEQVZWjCKpkQvNWX10nrqurdVm8er8u1eh5HkZyRc1IhHrkjNVInDdIkjEzIM3klb1ZmvVjv1seytWDlM6fkD6zPHx2Hk1k=</latexit>

vec.begin()

<latexit sha1_base64="nRBGQ8QkNMcFJd1gEhpQaeg/KvY=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BItQLyERv44FLz1WsB/Q1rLZTtqlm03YnVRK6P/w4kERr/4Xb/4bt20O2vpg4PHeDDPz/Fhwja77beXW1jc2t/LbhZ3dvf2D4uFRQ0eJYlBnkYhUy6caBJdQR44CWrECGvoCmv7obuY3x6A0j+QDTmLohnQgecAZRSM9dhDTMTAHZH9aPu8VS67jzmGvEi8jJZKh1it+dfoRS0KQyATVuu25MXZTqpAzAdNCJ9EQUzaiA2gbKmkIupvOr57aZ0bp20GkTEm05+rviZSGWk9C33SGFId62ZuJ/3ntBIPbbsplnCBItlgUJMLGyJ5FYPe5AoZiYghliptbbTakijI0QRVMCN7yy6ukceF4187V/WWpUs3iyJMTckrKxCM3pEKqpEbqhBFFnskrebOerBfr3fpYtOasbOaY/IH1+QMX6ZJG</latexit>

vec.end()

          points to the first element in the container.

<latexit sha1_base64="eai5xbWUYZg+UcmTxM/5swma23w=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PAS44RzAOTJcxOepMhs7PLTK8QlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKXHHmIWwFCoab9ccavuHHSVeDmpkByNfvmrN4h5GoFCLpkxXc9N0M+YRsElTEu91EDC+JgNoWupYhEYP5tfPKVnVhnQMNa2FNK5+nsiY5ExkyiwnRHDkVn2ZuJ/XjfF8NbPhEpSBMUXi8JUUozp7H06EBo4yokljGthb6V8xDTjaEMq2RC85ZdXSeui6l1Xr+4vK7V6HkeRnJBTck48ckNqpE4apEk4UeSZvJI3xzgvzrvzsWgtOPnMMfkD5/MHB4yRLw==</latexit>

begin
<latexit sha1_base64="CaVsC9yz0Pb82ohpU5sWSYWP5Hw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAS44RzAOSJczOTpIhs7PrTK8QlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6wEnC/YgOlRgIRtFKnR5ixlU47ZcrbtWdg6wSLycVyNHol796YczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVgnJINa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfFwa2fCZWkyBVbLBqkkmBMZs+TUGjOUE4soUwLeythI6opQxtRyYbgLb+8SloXVe+6enV/WanV8ziKcAKncA4e3EAN6tCAJjCQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QN+TpBN</latexit>

end

<latexit sha1_base64="eai5xbWUYZg+UcmTxM/5swma23w=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PAS44RzAOTJcxOepMhs7PLTK8QlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKXHHmIWwFCoab9ccavuHHSVeDmpkByNfvmrN4h5GoFCLpkxXc9N0M+YRsElTEu91EDC+JgNoWupYhEYP5tfPKVnVhnQMNa2FNK5+nsiY5ExkyiwnRHDkVn2ZuJ/XjfF8NbPhEpSBMUXi8JUUozp7H06EBo4yokljGthb6V8xDTjaEMq2RC85ZdXSeui6l1Xr+4vK7V6HkeRnJBTck48ckNqpE4apEk4UeSZvJI3xzgvzrvzsWgtOPnMMfkD5/MHB4yRLw==</latexit>

begin

<latexit sha1_base64="CaVsC9yz0Pb82ohpU5sWSYWP5Hw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAS44RzAOSJczOTpIhs7PrTK8QlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6wEnC/YgOlRgIRtFKnR5ixlU47ZcrbtWdg6wSLycVyNHol796YczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVgnJINa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfFwa2fCZWkyBVbLBqkkmBMZs+TUGjOUE4soUwLeythI6opQxtRyYbgLb+8SloXVe+6enV/WanV8ziKcAKncA4e3EAN6tCAJjCQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QN+TpBN</latexit>

end      is a sentinel value that is not part of the container.

              should not be dereferenced.

<latexit sha1_base64="nRBGQ8QkNMcFJd1gEhpQaeg/KvY=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BItQLyERv44FLz1WsB/Q1rLZTtqlm03YnVRK6P/w4kERr/4Xb/4bt20O2vpg4PHeDDPz/Fhwja77beXW1jc2t/LbhZ3dvf2D4uFRQ0eJYlBnkYhUy6caBJdQR44CWrECGvoCmv7obuY3x6A0j+QDTmLohnQgecAZRSM9dhDTMTAHZH9aPu8VS67jzmGvEi8jJZKh1it+dfoRS0KQyATVuu25MXZTqpAzAdNCJ9EQUzaiA2gbKmkIupvOr57aZ0bp20GkTEm05+rviZSGWk9C33SGFId62ZuJ/3ntBIPbbsplnCBItlgUJMLGyJ5FYPe5AoZiYghliptbbTakijI0QRVMCN7yy6ukceF4187V/WWpUs3iyJMTckrKxCM3pEKqpEbqhBFFnskrebOerBfr3fpYtOasbOaY/IH1+QMX6ZJG</latexit>

vec.end()



Every sequence container provides two member functions that return an 
iterator,           and      .

Begin and End

<latexit sha1_base64="TuEXIl6Z/IEHkc4rSvWzgHbEWAc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BItQLyURv44FLz1WsB/QhrLZTtqlm03YnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgkRwja77bRU2Nre2d4q7pb39g8Mj+/ikpeNUMWiyWMSqE1ANgktoIkcBnUQBjQIB7WD8MPfbE1Cax/IJpwn4ER1KHnJG0Uh92+4hZhNg1QCGXM4ql3277FbdBZx14uWkTHI0+vZXbxCzNAKJTFCtu56boJ9RhZwJmJV6qYaEsjEdQtdQSSPQfra4fOZcGGXghLEyJdFZqL8nMhppPY0C0xlRHOlVby7+53VTDO/9jMskRZBsuShMhYOxM4/BGXAFDMXUEMoUN7c6bEQVZWjCKpkQvNWX10nrqurdVm8er8u1eh5HkZyRc1IhHrkjNVInDdIkjEzIM3klb1ZmvVjv1seytWDlM6fkD6zPHx2Hk1k=</latexit>

vec.begin()

<latexit sha1_base64="eai5xbWUYZg+UcmTxM/5swma23w=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PAS44RzAOTJcxOepMhs7PLTK8QlvyFFw+KePVvvPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VCAVnaKXHHmIWwFCoab9ccavuHHSVeDmpkByNfvmrN4h5GoFCLpkxXc9N0M+YRsElTEu91EDC+JgNoWupYhEYP5tfPKVnVhnQMNa2FNK5+nsiY5ExkyiwnRHDkVn2ZuJ/XjfF8NbPhEpSBMUXi8JUUozp7H06EBo4yokljGthb6V8xDTjaEMq2RC85ZdXSeui6l1Xr+4vK7V6HkeRnJBTck48ckNqpE4apEk4UeSZvJI3xzgvzrvzsWgtOPnMMfkD5/MHB4yRLw==</latexit>

begin
<latexit sha1_base64="CaVsC9yz0Pb82ohpU5sWSYWP5Hw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAS44RzAOSJczOTpIhs7PrTK8QlvyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6wEnC/YgOlRgIRtFKnR5ixlU47ZcrbtWdg6wSLycVyNHol796YczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVgnJINa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfFwa2fCZWkyBVbLBqkkmBMZs+TUGjOUE4soUwLeythI6opQxtRyYbgLb+8SloXVe+6enV/WanV8ziKcAKncA4e3EAN6tCAJjCQ8Ayv8OY8Oi/Ou/OxaC04+cwx/IHz+QN+TpBN</latexit>

end

<latexit sha1_base64="nRBGQ8QkNMcFJd1gEhpQaeg/KvY=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BItQLyERv44FLz1WsB/Q1rLZTtqlm03YnVRK6P/w4kERr/4Xb/4bt20O2vpg4PHeDDPz/Fhwja77beXW1jc2t/LbhZ3dvf2D4uFRQ0eJYlBnkYhUy6caBJdQR44CWrECGvoCmv7obuY3x6A0j+QDTmLohnQgecAZRSM9dhDTMTAHZH9aPu8VS67jzmGvEi8jJZKh1it+dfoRS0KQyATVuu25MXZTqpAzAdNCJ9EQUzaiA2gbKmkIupvOr57aZ0bp20GkTEm05+rviZSGWk9C33SGFId62ZuJ/3ntBIPbbsplnCBItlgUJMLGyJ5FYPe5AoZiYghliptbbTakijI0QRVMCN7yy6ukceF4187V/WWpUs3iyJMTckrKxCM3pEKqpEbqhBFFnskrebOerBfr3fpYtOasbOaY/IH1+QMX6ZJG</latexit>

vec.end()

The half-open range from                   up to but not including
is the entire vector.

<latexit sha1_base64="TuEXIl6Z/IEHkc4rSvWzgHbEWAc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BItQLyURv44FLz1WsB/QhrLZTtqlm03YnRRK6D/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgkRwja77bRU2Nre2d4q7pb39g8Mj+/ikpeNUMWiyWMSqE1ANgktoIkcBnUQBjQIB7WD8MPfbE1Cax/IJpwn4ER1KHnJG0Uh92+4hZhNg1QCGXM4ql3277FbdBZx14uWkTHI0+vZXbxCzNAKJTFCtu56boJ9RhZwJmJV6qYaEsjEdQtdQSSPQfra4fOZcGGXghLEyJdFZqL8nMhppPY0C0xlRHOlVby7+53VTDO/9jMskRZBsuShMhYOxM4/BGXAFDMXUEMoUN7c6bEQVZWjCKpkQvNWX10nrqurdVm8er8u1eh5HkZyRc1IhHrkjNVInDdIkjEzIM3klb1ZmvVjv1seytWDlM6fkD6zPHx2Hk1k=</latexit>

vec.begin()
<latexit sha1_base64="nRBGQ8QkNMcFJd1gEhpQaeg/KvY=">AAAB9XicbVBNS8NAEN3Ur1q/qh69BItQLyERv44FLz1WsB/Q1rLZTtqlm03YnVRK6P/w4kERr/4Xb/4bt20O2vpg4PHeDDPz/Fhwja77beXW1jc2t/LbhZ3dvf2D4uFRQ0eJYlBnkYhUy6caBJdQR44CWrECGvoCmv7obuY3x6A0j+QDTmLohnQgecAZRSM9dhDTMTAHZH9aPu8VS67jzmGvEi8jJZKh1it+dfoRS0KQyATVuu25MXZTqpAzAdNCJ9EQUzaiA2gbKmkIupvOr57aZ0bp20GkTEm05+rviZSGWk9C33SGFId62ZuJ/3ntBIPbbsplnCBItlgUJMLGyJ5FYPe5AoZiYghliptbbTakijI0QRVMCN7yy6ukceF4187V/WWpUs3iyJMTckrKxCM3pEKqpEbqhBFFnskrebOerBfr3fpYtOasbOaY/IH1+QMX6ZJG</latexit>

vec.end()



Here is how we can use the find function in the standard library.

Find Example

This returns an iterator to the first occurrence of 3 in the list.



Iterating through a list:

Iterating over a container

Iterators adopt the dereferencing syntax from pointers:

       is the value pointed to by the iterator     .
<latexit sha1_base64="mAv20AA1v53PnvhcWJy5Q1vh4j8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBDEQ9gVX8eAlxwjmAckS5idzCZDZmfXmV4hLPkJLx4U8ervePNvnCR70MSChqKqm+6uIJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U391hPXRsTqAccJ9yM6UCIUjKKV2uddxEzgpFcquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns3gk5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophrd+JlSSIldsvihMJcGYTJ8nfaE5Qzm2hDIt7K2EDammDG1ERRuCt/jyMmleVLzrytX9Zblay+MowDGcwBl4cANVqEEdGsBAwjO8wpvz6Lw4787HvHXFyWeO4A+czx8zzJAd</latexit>⇤it <latexit sha1_base64="6Ol7WZlH2cGydtXpyPbnfrWLZwg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseClx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7ud+54lrI2L1iNOE+xEdKREKRtFKnT5iJnA2KFfcqrsAWSdeTiqQozkof/WHMUsjrpBJakzPcxP0M6pRMMlnpX5qeELZhI54z1JFI278bHHujFxYZUjCWNtSSBbq74mMRsZMo8B2RhTHZtWbi/95vRTDOz8TKkmRK7ZcFKaSYEzmv5Oh0JyhnFpCmRb2VsLGVFOGNqGSDcFbfXmdtK+q3k219nBdqTfyOIpwBudwCR7cQh0a0IQWMJjAM7zCm5M4L86787FsLTj5zCn8gfP5A83/j+k=</latexit>

it



Iterating through a list:

Use of Iterators

* the same idiom can be used for any other sequence container.

* iterators for        do not support comparison.<latexit sha1_base64="JDj3bK2qnTDxyBl5T4DfGqb2K5s=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAS44RzEOSJcxOJsmQmd1lplcIS77CiwdFvPo53vwbZ5M9aGJBQ1HVTXdXEEth0HW/ncLa+sbmVnG7tLO7t39QPjxqmSjRjDdZJCPdCajhUoS8iQIl78SaUxVI3g4md5nffuLaiCh8wGnMfUVHoRgKRtFKjz3ENNsy65crbtWdg6wSLycVyNHol796g4gliofIJDWm67kx+inVKJjks1IvMTymbEJHvGtpSBU3fjo/eEbOrDIgw0jbCpHM1d8TKVXGTFVgOxXFsVn2MvE/r5vg8NZPRRgnyEO2WDRMJMGIZN+TgdCcoZxaQpkW9lbCxlRThjajkg3BW355lbQuqt519er+slKr53EU4QRO4Rw8uIEa1KEBTWCg4Ble4c3Rzovz7nwsWgtOPnMMf+B8/gBweJDc</latexit>

list

* this is a good time for       .<latexit sha1_base64="15OyORdIhFIB48DE0CXbKavVWik=">AAAB8HicbVDJSgNBEO2JW4xb1KOXxiB4CjPidgx4yTGCWSQZQk+nJ2nSy9BdI4QhX+HFgyJe/Rxv/o2dZA6a+KDg8V4VVfWiRHALvv/tFdbWNza3itulnd29/YPy4VHL6tRQ1qRaaNOJiGWCK9YEDoJ1EsOIjARrR+O7md9+YsZyrR5gkrBQkqHiMacEnPTYA8hICnraL1f8qj8HXiVBTiooR6Nf/uoNNE0lU0AFsbYb+AmEGTHAqWDTUi+1LCF0TIas66giktkwmx88xWdOGeBYG1cK8Fz9PZERae1ERq5TEhjZZW8m/ud1U4hvw4yrJAWm6GJRnAoMGs++xwNuGAUxcYRQw92tmI6IIRRcRiUXQrD88ippXVSD6+rV/WWlVs/jKKITdIrOUYBuUA3VUQM1EUUSPaNX9OYZ78V79z4WrQUvnzlGf+B9/gBr4ZDZ</latexit>

auto



There is a nice syntax for iterating backwards over a container

Iterating backwards

This uses            and          which return a reverse iterator.

Other than that the syntax is the same—we increment the reverse iterator.

<latexit sha1_base64="pZ5sc/Yesgxz20t4CDjHrhyqV9Q=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSTi17HgpccK9gPSUDbbSbt0sxt2J0IJ/RlePCji1V/jzX/jts1Bqw8GHu/NMDMvSgU36HlfTmltfWNzq7xd2dnd2z+oHh51jMo0gzZTQuleRA0ILqGNHAX0Ug00iQR0o8nd3O8+gjZcyQecphAmdCR5zBlFKwV9xFxHMOJyNqjWvLq3gPuX+AWpkQKtQfWzP1QsS0AiE9SYwPdSDHOqkTMBs0o/M5BSNqEjCCyVNAET5ouTZ+6ZVYZurLQtie5C/TmR08SYaRLZzoTi2Kx6c/E/L8gwvg1zLtMMQbLlojgTLip3/r875BoYiqkllGlub3XZmGrK0KZUsSH4qy//JZ2Lun9dv7q/rDWaRRxlckJOyTnxyQ1pkCZpkTZhRJEn8kJeHXSenTfnfdlacoqZY/ILzsc33bWRqw==</latexit>

rbegin
<latexit sha1_base64="vjFfosHFkMX/YkmOat7eJpeCWwE=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PAS44RzEOSJczOdpIhs7PLTK8QlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzfz2E2gjYvWAkwT8iA2VGAjO0EqPPcRMgwqn/XLFrbpz0FXi5aRCcjT65a9eGPM0AoVcMmO6npugnzGNgkuYlnqpgYTxMRtC11LFIjB+Nj94Ss+sEtJBrG0ppHP190TGImMmUWA7I4Yjs+zNxP+8boqDWz8TKkkRFF8sGqSSYkxn39NQaOAoJ5YwroW9lfIR04yjzahkQ/CWX14lrYuqd129ur+s1Op5HEVyQk7JOfHIDamROmmQJuEkIs/klbw52nlx3p2PRWvByWeOyR84nz9TnpDJ</latexit>

rend


